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Fatigue behavior of carbon/epoxy AFP laminates containing gaps  
Yasser Mahmoud Sami Abdelsamea Elsherbini, Ph.D. 
Concordia University, 2017 
Composite materials are widely used in many applications owing to their advantages over 
conventional ones. Among the different available manufacturing techniques of composites, 
automated fiber placement (AFP) attracted the attention of many industries due to its speed of 
material deposition and repeatability in manufacturing. Unfortunately, the occurrence of gaps 
between material strips during AFP manufacturing process is unavoidable. Even though there have 
been many studies that focused on the effect of these gaps on the static properties of the AFP 
laminates, to our knowledge, no work has been performed to test their effect on fatigue behavior. 
In this dissertation, the effect of the induced gaps on fatigue performance of carbon/epoxy 
AFP laminates was investigated both experimentally and numerically. In the experimental part, 
fatigue tests were conducted on both reference, free from defects laminates, and defective 
laminates. Then, the fatigue performance of both types was compared and analyzed to obtain the 
effect of gaps. For better understanding the fatigue behavior of laminates containing gaps, many 
parameters were taken into consideration such as laminate stacking sequence, gap shape, gap 
orientation and number of gaps. Based on analyzing the results of fatigue testing of different 
stacking sequences, a few design recommendations are provided that can enhance the performance 
of the defective laminates and alleviate the effect of gaps.  
In addition, infrared thermography was used as a non-destructive technique for in-situ 
detection of damage during fatigue loading. In order to examine the nature of the inherent damage 
within the laminate due to gaps, sectioning and inspection of specimens using scanning electron 
microscopy (SEM) were performed. The extensive fatigue experiments revealed the existence of 




main drawbacks in obtaining this threshold values using the traditional long fatigue testing method 
were the large number of specimens and long-time for the fatigue tests. 
Consequently, infrared thermography and Risitano method were applied on AFP laminates 
containing gaps to provide a quick method for obtaining the threshold values. This method has a 
great potential in saving time and material required for performing traditional fatigue tests to 
develop stress/life curves. The obtained results of threshold values were in good agreement with 
the results obtained from the conventional method. 
In the numerical part, a fatigue progressive damage model (FPDM) was developed using 
Ansys Parametric Design Language (APDL) and applied to the case of laminates containing gaps. 
The progressive damage model presented in this work is an integration of fatigue life model, failure 
criterion, sudden and gradual degradation of strength/stiffness. The predicted results from the 
model were compared to the experimental results for different stacking sequences. The model 
showed a good agreement with the experimental results for the case of unidirectional laminates. 
For the case of cross-ply laminates more work should be done for better prediction of results due 
to the complex nature of damage for off-axis laminates. Nevertheless, the model can be helpful in 
saving time and material in the preliminary design steps to have an idea about the damage behavior 
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Owing to their great advantages over traditional materials, composite materials are now 
widely used as primary structures in many applications such as aerospace, renewable energy, 
automotive and marine industries. Among these advantages are high strength/stiffness to weight 
ratios, fatigue resistance, low thermal expansion coefficient and corrosion resistance. Carbon fiber 
reinforced polymer composites are extensively used in aircraft and aerospace industries. Boeing 
787 has almost 50 percent by weight of its airframe made of carbon fiber composites. This 




To get the most benefit of composites, they must be well designed and manufactured in such 
a way that saves cost and provides high repeatability and flexibility during manufacturing process. 
There are many techniques available for manufacturing of composites. The choice of the suitable 
manufacturing technique depends on the configuration of the manufactured part and the desired 
accuracy. 
Hand lay-up is one of the commonly used manufacturing processes of composites. This 
process can be carried out in two different ways. In the first way, dry fibers are laid down manually 
on the mold surface then resin is poured to wet the fibers. This way is used for making low cost 
components in which glass fibers and polyester resins are widely used.  In the other way, pre-
impregnated fibers (pre-preg) are used for making components in aircraft industry in which carbon 
fibers and epoxy resins are widely used. Pre-pregs are cut manually into the required layers. The 
layers are laid down manually on the mold surface on top of each other to form the required 
orientation. Then, autoclave might be used to ensure full curing of the laminates. This process is 
mostly manual. So, it has many disadvantages such as: highly time consuming, high labor cost, 
high material waste and probable low efficiency as a result of human errors. 
Filament winding is another manufacturing technique that is mainly used for making of 
cylindrical parts. In this process, dry fibers are passed through a resin bath then they are wrapped 
around a cylindrical mandrel to form the cylindrical component. After curing, the mandrel is 
extracted from the composite cylinder. The limitation in this process is that the curvature of the 
required shape should be positive. In case of concave surfaces, the tension in the fibers causes 
them to simply bridge the concave region [2].  
 As a high demand for more flexibility, repeatability and development of manufacturing 
techniques capable of overcoming the limitations of the traditional methods, hand lay-up and 
filament winding, the trend is toward robotic manufacturing of composites.  
The first step toward the robotic manufacturing of composites was the automated tape laying 
(ATL) machines which allow the rapid deposition of composite pre-impregnated tapes to either a 




was used heavily in 1980’s in military aircrafts (B2 stealth bomber). It was also used in the 
commercial aircraft industry (A380 stabilizer skin panels) [3]. 
 
 
Figure 1-1: Automated tape lay-up machine [4] 
 
ATL has great advantages in reducing the manufacturing time of large components because 
of the high deposition rate of material. The accuracy and the quality of the output product were 
also improved compared to traditional hand lay-up method. ATL is very convenient for 
manufacturing of large flat panels as shown in Figure 1-1.  However, it might have a limitation in 
manufacturing of relatively small components due to material waste especially at the edges of the 
structure. Also, it has some limitations in manufacturing of complex shapes because of the large 
width of the used pre-preg tapes. 
Automated fiber placement (AFP) machines became available to overcome the limitations 
of ATL. AFP is a fully automated process for production of composite laminates that combines 
the different capabilities of filament winding, because of the use of fiber tows, and automated tape 
laying, because of the automated process of manufacturing. Automated fiber placement technology 




could be fabricated in one integral piece rather than assembly of 10 skin panels in the original 
design [5]. 
 
Figure 1-2: Automated Fiber placement machine available in CONCOM. 
 
The AFP machine consists mainly of a fiber placement head attached to a robotic arm. Most 
fiber placement systems have seven axes of motion: three translation, three rotational and one 
rotational axis for the mandrel. This provides the machine with flexibility to position the fiber tows 
onto the complex surfaces enabling the production of complicated composite parts. Figure 1-2 
shows the Automated Dynamics AFP machine available at Concordia Centre for Composites 
(CONCOM). 
Each fiber tow is fed through its own guiding mechanism from individual spools attached to 
the placement head. Some heads have the ability to carry 32 spools which enables placing 32 fiber 
Material spools 






tows simultaneously on the tool surface. The width of the tows can be reduced to 1/8 in (3.175 
mm). A roller is used to compact the delivered tow against the tool surface which helps removing 
the trapped air and adhering the placed tow to the surface.  The tow is also heated before reaching 
the surface using a hot gas torch to increase its tackiness to the surface. Using AFP machines 
allows not only the manufacturing of constant stiffness laminates, in which continuous straight 
fiber are used in each layer, but also variable stiffness ones in which the fiber orientation angles  
are continuously varied within the plane of the layers which helps enhancing the buckling 
performance [6-8].  
One of the important options in fiber placement machines is the cut/restart capability. Each 
tow has its own cut/restart mechanism that enables individually controlling of tows. This option 
can be used to reduce the material waste close the surface edge and also enables variation of the 
course width, overall width of adjacent fiber tows, during manufacturing. 
 Automated fiber placement has some limitations such as minimum turning radius and 
minimum cut length. The minimum turning radius is the smallest turning radius the machine can 
perform without the fibers being wrinkled and it depends on the width of the tow. However, the 
minimum cutting length is the minimum distance which should be traveled by a tow before being 
cut-off by the machine cutter. It is dependent on the distance between the cutting mechanism and 
the compaction roller in the placement head [9].  
For the ideal case, the material strips will be exactly adjacent to each other without any gaps 
among them. Practically, the generation of gaps during AFP manufacturing is due to machine 
inaccuracy, material tolerance and complexity of the manufactured component. The induced gaps 
can be divided into two types according to their occurrence locations: 
1- Gaps parallel to fibers: 
 These gaps can generate at the boundaries between material strips as a result of inaccuracy 
of the placement head in following the pre-assigned fiber path due to the allowances of the machine 
movement (the tolerance is ±1 mm), vibration of the machine arm during operation and variation 






2- Gaps normal to fibers 
These gaps generate at the end of material strips and normal to fibers as a result of tow cuts 
during manufacturing. This could happen at the boundaries of the manufactured parts as shown in 
Figure 1-4. Also, during steering of fibers, gaps can generate as a result of variation of course 
width, group of tows, at the boundaries of courses as shown in Figure 1-5(a). Finally, during 
manufacturing of complex parts, they are divided into sectors within which the orientation of the 




Figure 1-3: Gaps occurrence at the boundaries of material strips during AFP manufacturing 
[10]. 
 






Figure 1-5: Gaps occurrence at the end of tows during (a) fiber steering [11] and (b) complex 
part manufacturing [12] 
Consequently, it can be observed that the occurrence of gaps during composite 
manufacturing using AFP is unavoidable. In order to get the most benefit from the designed AFP 
laminates, it is important to understand their behavior while taking into account the effect of gaps 
that emerge during manufacturing process. In the literature, there is some work that focused on 
investigating the effect of defects on the behavior of composite materials. This will be discussed 
in the following. In many applications, the occurrence of overlaps is not recommended to avoid 
the increase in weight and local variations in thickness. So, most of the work focused in 
investigating the effect of gaps on mechanical behavior.   
 Effect of defects 
In the early of 1990’s, when AFP machines first became available, researches started to 
compare the laminates made by AFP to that made by conventional hand lay-up method. Walker et 
al. [13] observed some improvement of about 21% in the tensile strength of laminates 
manufactured by fiber placement machines compared to laminates manufactured by traditional 
lay-up method.  
Later, Carins et al [14] used finite element model (FEM) to investigate the possible reasons 





as double-stiffness elements and the gaps as resin-region elements. They found that incorporating 
the gaps in the model resulted in 3% reduction in the average strain (deformation) and 11% for the 
overlaps case. This improvement was small compared to the previously observed improvement by 
Walker [13] which was about 21%. They expected that the damage mechanisms that were 
developed as a result of these defects might have a significant effect on the improvement. They 
updated the model to detect the delamination and split. Delamination was simulated by releasing 
nodes through thickness while split was presented by releasing nodes in the plane of the layer. 
They found that a combination of split and delamination can reduce the average strain up to 36%. 
It was concluded that the occurrence of these damage mechanisms helped in redistributing and 
relieving stresses away from the notches and hence decreasing the local strain at notches.  
The existence of gaps causes the occurrence of waviness especially at the layers adjacent to 
the gap locations. The resulting waviness affects severely the compression behavior of the 
laminate. So, in order to investigate the laminates under compression loading, waviness should be 
taken into account. It was found that both compression strength and stiffness degraded seriously 
by increasing the fiber waviness. The strength was found to be much more sensitive to waviness 
than stiffness [15]. Also, the effect of waviness depends on the anisotropy of the material. As the 
anisotropy of material increases, the sensitivity to waviness increases. So, carbon fiber composites 
are more affected by the existence of waviness than glass fiber composites because carbon fiber 
composites have higher stiffness in fiber direction compared to glass fiber composites. 
Consequently, the strength/stiffness will be greatly affected by the waviness introduced in fiber 
direction for carbon fiber composites. The waviness induced in the laminate can also affect the 
fatigue life of composites. Adam and his coworkers [16] found that samples without waviness 
showed a compressive fatigue strength of 75% of the static strength at 106 cycles. As a result of 
waviness, the compressive fatigue strength was reduced to about 45% of static strength. 
 Sawiki et al [17] studied the effect of gaps and overlaps on the compressive strength of 
composite materials (unnotched and with holes). They created the defects manually by removing 
or adding a strip of the material to form the required defect size as shown in Figure 1-6. The 
manufactured samples contained defects in the 90o plies in order to give the chance for maximum 






Figure 1-6: Defects were created by manually removing material strips [17]. 
Croft et al [18] studied experimentally the effect of gaps/laps and twisted tows on the 
compression and tension of unnotched and notched laminates. Each sample had one defect which 
was created manually during manufacturing of the tested panels by adding or removing two 
material strips along the whole length/width of the sample. The dimensions of the defects were 
one tow in width and two tows in thickness in order to create a significant effect so that the 
variability between different configurations can be captured. The investigated defects are shown 
in Figure 1-7. 
They found a reduction in the tensile strength of about 3.4% and negligible reduction in case 
of compression by about 1% for both gaps and laps. In case of open hole tension (OHT), the defects 
has no obvious effect on the strength because the effect of stress concentration of the hole is more 
severe than the effect of defect. For open hole compression (OHC), defect along length, they found 
an increase in strength due to damage mechanisms which help relieving the stress away from the 
high stress region which was confirmed by Carins [14]. However, in the case of defects along the 
width, the strength decreased because it increased the stress concentration in a high stressed area 
and also because of the effect of induced waviness of 0o layers. 





Kimball [19] explored the effect of gaps in different orientations at tangency point of holes 
in quasi-isotropic laminates under open hole compression tests. He concluded that gaps tangent to 
holes in 0o layers helped improving the strength by 7% as a result of stress redistribution in the 
high stress area around the hole. 
The manufacturing parameters such as tow width and number of tows can contribute to the 
occurrence of gaps and laps in variable stiffness laminates. Increasing the number of tows and the 
width of a course reduced the gap area because of less occurrence of course boundaries. Also, as 
the tow width increases inside a course, the gap area increases because dropping a wider tow will 
cause larger defective area than of smaller one [20]. Blom et al. [21] found numerically that 
increasing the tow drop (gap) area causes a reduction in the buckling load of the laminate. In 
addition, using staggering technique, shifting the plies with same orientation with respect to each 
other across the thickness, improves the strength of the defective laminate.  
 Fayazbakhsh et al. [22, 23] used a finite element model platform (Ansys) incorporated with  
Matlab code to predict the effect of gaps/overlaps on the stiffness and buckling of variable stiffness 
laminates. They developed a method called defect element method to overcome the problem of 
using small size and large number of elements in the proposed approach of Blom [21]. The defect 
element can combine both regular composite material and embedded defect in the same element. 
The elastic properties of each element are changed based on the defect area percentage (gap/lap 
area in the element divided by total element area). This helps in reducing the required number of 
elements to capture the gaps/overlaps. The results of the FEM revealed that gaps caused a reduction 
in both buckling load and stiffness. On the other hand, the laps increased both of them. 
It is worth mentioning that the experimental work of the aforementioned research focused 
on investigating the effect of defects at the boundaries of adjacent tows by manually adding or 
removing material strips at the required locations to formulate gaps/overlaps. Falco et al. [24] 
studied the effect of gaps between fiber courses, at the end of tows, for unnotched and open hole 
laminates under tension. They studied three different configurations: complete gap strategy (0% 
coverage), complete overlap strategy (100% coverage) and complete gap with staggering 
technique. For unnotched laminates, they found that the severe effect was for laminates containing 




coincidence of the defects across the thickness of the laminate. However, using staggering 
technique helped improving the tensile strength by 12%. They also observed the occurrence of 
delamination at the edge of the failed defective specimens which was attributed to the high 
interlaminar stresses due to the induced defects. For notched laminates, they found that the effect 
of stress concentration presented by the hole is higher than the effect of defects. Falco et al. [25] 
extended their experimental work on the defective laminates to investigate the effect of the defects 
on the compression after impact. They concluded that the reduction in the residual compression 
strength was very small between different configurations. They concluded that the effect of defects 
on compression after impact is negligible and the main reason for the reduction in the compression 
strength is the damage caused through the impact. 
 
 
Figure 1-8: Comparison between tensile behavior of different unnotched laminates [24] 
 
More recently, X. Li et al [26] developed a 3D progressive damage model to investigate the 
effect of the manufacturing defects in different layers on the tensile and compression behavior of 




down in compression strength than tensile strength and the defects in 45o and -45o layers have 
larger effect compared to defects in 90o layers.  
Lan et al [27] investigated the effect of using caul plate during curing of defective cross-ply 
laminates on the tensile properties of carbon reinforced laminates. They found that the existence 
of the caul plate helped reducing the thickness variation, enhancing the resin flow and alleviating 
the effect of gaps under tensile loading. The same authors extended their experiments to investigate 
the effect of gaps and overlaps on the in-plane shear and compression properties [28]. For the case 
of shear tests, it was found that the gaps caused a drop in both shear modulus and shear strength 
by 10-14% compared to the reference laminate. This reduction decreased by using caul plate 
during curing. For the overlap, there was a slight increase in the property by 2-4% due to the local 
increase in thickness when a caul plate was not used. However, using the caul plate eliminates the 
effect of overlaps. For compression tests, the defects had a severe influence on mechanical 
properties. Using the caul plate helped in limiting the effect of the induced gaps and overlaps. 
Automated fiber placement is now widely used in automotive, aircraft and aerospace 
industries because of its ability to save material waste and to manufacture complex geometries. 
Although most of the critical loads in these applications are fatigue loadings, to our knowledge, 
there has been no research that studied the effect of AFP manufacturing induced defects on fatigue 
behavior of composites. In the following subsection, the main parameters affecting the fatigue 
behavior and the different damage mechanisms occurred during the fatigue life of composite 
laminates will be briefly described. 
 Fatigue in composites 
Fatigue of materials refers to the degradation of the mechanical properties of the material 
when subjected to repeated or cyclic loading. This type of loading can cause failure of the material 
at low stress levels compared to the ultimate static strength. 
In 1960’s, many researchers believed that metals suffered from fatigue in many accidents 
such as the Comet, F-111, B707 at Lusaka, Aloha Airlines B737and C130A Firefighting Aircraft 




especially carbon fiber composites do not suffer from fatigue. This misconception was due to the 
very high stiffness of carbon fiber laminates in fiber direction. But as a result of the anisotropy of 
carbon fiber composites, there may be a high stresses transverse to fiber direction that might initiate 
damage and eventually cause failure [30]. 
Some of the earlier research in the field of fatigue in composite was by Baker who studied 
the behavior of metal matrix composites under reversed fatigue bending [31]. This was followed 
by work of Owen [32] where he observed the damage development in chopped glass/polyester 
laminate under fatigue loading. 
 
 Factors affecting fatigue behavior 
There are many factors that affect the fatigue behavior of composite material and can be 
divided into internal and external. Internal factors are such as type of matrix/fiber, laminate 
configuration and type of reinforcement. External factors are environmental and loading 
conditions. The fibers are the main load carrying agents in composites so the fatigue behavior is 
affected by the type of fibers. Glass fibers are more sensitive to fatigue loading than carbon fibers 
[33]. The main reason is that glass fibers have less stiffness (70-80 GPa) than carbon fibers (220-
700 GPa). This reduced stiffness gives decreases the overall stiffness of the laminates and gives 
the matrix the chance to elongate more which increases the risk of occurrence of matrix cracking.  
On the other hand, carbon fibers have high stiffness so they restrict the matrix from large 
deformation and reduce the probability of crack initiation. Also, for a composite laminate, with 
glass or carbon fibers, in the first cycles of loading, some weak fibers can be broken as a result of 
scattering in the strength of fibers. This will be followed by crack initiation from these weak 
locations [34]. Since carbon fibers have higher strength than glass fibers, so the spread of these 
spots is less. Besides, in the same type of fibers, there are different grades. Glass fibers have many 
types such as E-glass, S-glass and C-glass. Each of them behaves differently under environmental 
conditions [35]. Carbon fiber has also many types such as T300, AS4 and IM6. Each of them has 






Figure 1-9: Stress-life curves at R=0.1 for different carbon fiber composites [36]. 
 
Also, changing the type of the used reinforcement, between woven and non-woven, affects 
the fatigue behavior. It was found that both the static and fatigue behaviors were degraded for 
composites reinforced by woven carbon fibers compared to non-woven fibers [38].  
In addition, the type of matrix affects the fatigue life of composite laminate. Thermoplastic 
resins give the composites longer fatigue life than thermoset resins because they have higher 
ductility and fracture toughness  which improves the resistance to crack propagation [39]. Bathias 
[40] also found that delamination damage mechanism was less in the case of thermoplastic 
composites because of the high interlaminar fracture toughness and strong fiber/matrix interface. 
Some additives to the resin can improve the fatigue performance. Nagaligam [41] added nano-
powder to polyester resin with different weight ratios. He found that adding nano particles to the 





The strength of the interface has also a great role in controlling the damage behavior. As the 
interface strength increases, the probability of fiber/matrix debonding decreases [42]. Sometimes 
surface treatments to fiber surface are used in order to improve the wettability and compatibility 
between fiber and matrix such as coupling agents and fiber sizing [43].  Adding Silane coupling 
agent to the glass fibers was found to enhance the static and fatigue performance [44].  
Moreover, the fatigue life depends on external factors such as loading conditions. Mandell 
et al [45] studied the effect of stress ratio and load frequency on the fatigue life. They found that 
fatigue life increased by increasing the frequency for the same stress value and also by increasing 
the stress ratio. Also, the fatigue response of composites is different under different types of 
loading. For instance, composites that contain Aramid fibers show a shorter fatigue life under 
compression loading than in tension loading. This is due to the chemical structure of Aramid in 
which the molecules are linked by a weak Hydrogen bond [30, 43]. Besides, the dominant damage 
mechanism under tensile loading of unidirectional laminates is fiber breakage while under 
compression loading is fiber buckling. 
 Environmental conditions, such as temperature and moisture, are also external factors. The 
increase in temperature degrades the resin properties, hence, makes it easier for crack initiation, 
so the fatigue behavior at high temperatures is different from matrix one type to another. Kawai 
[46] studied the fatigue behavior of different types of resin under 100 oC. He found that the 
laminate based on thermoplastic (PEEK) resin had the best off-axis fatigue behavior among the 
other tested laminates. Also, Jen et al [47] studied the effect of temperature increase for cross-ply 
and quasi-isotropic laminates. They found that the fatigue strength, defined as the stress value 
corresponding to 106 cycles, decreases by increasing the temperature for both stacking sequences 
as shown in Figure 1-10. Moisture also negatively affects the fatigue behavior of composites and 





Figure 1-10: Fatigue strength for cross-ply and quasi-isotropic laminates at different 
temperatures [47] 
 Fatigue damage mechanisms 
Fatigue damage in composites is different from that in metals. In the case of metals, there 
may be a dominant crack that initiates and propagates till final failure. The crack normally initiates 
at the surface due to the environmental effects on the metal surfaces and the propagation plane of 
the crack is normal to tensile direction. However, in composites the fatigue behavior is more 
complex because there are many damage mechanisms such as matrix cracking, fiber/matrix 
debonding, delamination and fiber breakage. Crack propagation may be parallel or normal to 
loading direction [50].  
The previously mentioned damage mechanisms could happen successively or 
simultaneously. Matrix cracking has many forms. It could be transverse, through thickness or 
width, or longitudinal cracks parallel to fibers. It is the mostly common damage mechanism in 
angle-ply laminates. Matrix cracking behavior is different in fatigue compared to quasi-static 




loading [51]. Fiber/matrix debonding depends on the strength of the interface between fibers and 
matrix [52]. 
 Delamination is caused as a consequence of matrix cracks or fiber/matrix debonding and 
due to high interlaminar stresses [53]. Delamination starts to initiate either at the edge due to free 
edge effect or within the layers as a result of the high density of matrix cracking. At the final stages 
of loading, the fibers are subjected to high stress or high strain levels and this causes fiber breakage 
to happen and consequently failure. So, matrix cracking is the dominant mechanism at early stage 
of loading, delamination and debonding are in intermediate stage and fiber breakage is at the last 
stage which causes failure [30].   
The damage development process during fatigue loading can be divided into three stages. 
The initial stage occurs when cracks initiate at different locations in the laminate. In the second 
stage, slow damage propagation occurs and a saturation state is reached. The final stage takes place 
when fiber breakage happens rapidly and final failure occurs [54]. The saturation in the second 
stage may happen when the spacing between cracks form the opposite edges reaches a certain 
limit. Hence, the damage growth rate decreases and saturation occurred [51]. 
 





Many authors investigated the fatigue behavior and occurrence of damage mechanisms for 
composite laminates with different configurations. For unidirectional laminates, the damage 
mechanism started by some weak fiber breakage which is randomly distributed. The shear stress 
between fiber and matrix increases at the tip of the broken fibers which causes crack initiation 
from these high stressed regions. Cracks propagate transverse to fiber direction followed by fiber 
bridging or interface debonding till failure [34, 55] as shown in Figure 1-11. 
For cross-ply laminates [56], damage initiated at the edge in the form of both transverse 
matrix cracking and delamination then they propagated from the edge across the width of the 
specimen. Finally fiber breakage and failure occurred. The cracks density increased by increasing 
the number of cycles till reaching saturation. These observed damage mechanisms agreed with the 
damage mechanisms observed by Talreja [34] for cross-ply laminates. 
Hosoi and his coworkers [57, 58] focused their study on the quasi-isotropic laminates under 
high cyclic fatigue loading. The main damage mechanisms for all stress levels were the same, 
transverse cracks and delamination. The only difference was that the initiation and propagation of 
damage were retarded for low stress level compared to higher ones. The delamination was found 
to be more effective at high fatigue cycles and low stress levels. In another study by the same 
authors [59] they focused on the behavior of transverse cracking. It was found that transverse 
cracks initiated at the edges. Then, after saturation at the edges, these cracks started to propagate 
through the width of the samples. Edge delamination propagated also to the width when the 
transverse cracks density at the edges reached a saturation level. 
Fatigue behavior of composites was found to be sensitive to pre-existing defect such as 
delamination. Colombo et al. [60] studied the effect of pre-existing delamination on the fatigue 
life of glass fiber reinforced composites. It was found that the existence of induced delaminated 
area did not affect the static strength of tested laminates. However, the fatigue life was greatly 
reduced by introducing the delamination inside the laminate. The delamination had a noticeable 
effect on the damage behavior during fatigue for stresses higher that the fatigue limit.  
To sum up, based on reviewing some work focused on investigating the fatigue behavior of 




to the variety of damage mechanisms and the anisotropy of the material. In addition, the fatigue 
performance is affected by the existence of defects in the composite laminates.  
Defects in composites can be manufacturing induced defects or in-service defects. The 
former one is caused during manufacture process such as resin rich areas, fiber waviness, fiber 
misalignment and delamination caused by drilling or cutting of composite laminates. The later can 
be caused by impact damage and crack propagation due to loading [61]. For better understanding 
of the fatigue behavior of composite laminates and in order to ensure the integrity of a structure, it 
is of importance to provide practical information about the damage state within the material. One 
of the main goals for aerospace industry is the detection of damage caused by the existence of 
various defects during the whole fatigue life of a component. 
 Damage detection in composites 
Recognition of damage in composites is more difficult compared to the case of metals since 
most of the damage occurs beneath the surface of the laminate. Damage in composites under 
fatigue loading conditions has been investigated by a variety of destructive and non-destructive 
techniques.   
Destructive sectioning of coupons followed by inspection using scanning electron 
microscopy (SEM) is one of the commonly used destructive techniques for detection of inherent 
damage. This method can provide information on the location and type of damage. It also 
sometimes can be used for quantification of damage such as the density of cracks or the extension 
of delamination along the interface [56, 62, 63]. Since the inspected specimen cannot be tested 
again so investigating the damage evolution requires a large number of specimens to be inspected. 
On the other hand, there are various non-destructive techniques that have been used for 
detection of damage due to fatigue loading such as ultrasound, X-ray radiography and acoustic 
emission [54, 63]. The use of these methods may not be appropriate for real time monitoring of 
damage. They require a well-controlled environment in addition to the need to remove the 




as a non-destructive method for in-situ detection of damage development during fatigue loading 
[64-67]. 
IR thermography is a non-destructive and non-contact technique that can be used to detect 
IR energy, emitted naturally from any object whose temperature is absolute zero or higher, and 
convert this energy to a temperature distribution using IR cameras. It can be divided into two types: 
active and passive. The first one needs an external source of stimulation such as heat source or 
mechanical loading to increase the temperature of the object. For example, detecting defects may 
need stimulating them to be distinguishable from surrounding material. The second one does not 
need any external source and can be used when the object has some temperature difference from 
the surrounding [68]. The main advantages of IR thermography are: 
- Detection of large size components in short time. 
- Can be used with one-side access of the specimen. 
- Used to detect defects in components while being in-service.  
- Easy interpretation of results. 
IR thermography was used for defect detection in thick glass fiber composites [69] and 
carbon/carbon composites [68]. The depth of the defect represents one of the limitation with this 
technique. It was found that the maximum depth of detectable defect for composites using IR 
thermography was about 4 mm for one side inspection [61]. It was also found that the detectability 
of defects decreased linearly by increasing the depth of defect and it increased by increasing the 
damaged area. The thickness of the damage zone has also an effect on its detectability. This means 
that defective zone with large size but small thickness will be difficult to be detected [70, 71]. 
Upon reviewing the aforementioned research, it can be concluded that IR thermography can be 
efficiently used not only for detection of defects but also for damage monitoring during fatigue 
loading.  
 Motivation and objective 





1- Most of the work presented in the field of the effect of gaps induced during AFP 
manufacturing focused on the gaps at the boundaries of the tows, parallel to fiber direction. 
There is a lack of investigating the gaps at the end of tows perpendicular to fibers. 
2- The work presented in the literature focused on investigating the effect of defects on the 
static behavior of laminates manufactured using AFP technique and their impact on the 
mechanical properties such as tensile and compressive strength. To the best of our 
knowledge, no work has been performed to study the effect of the induced defects during 
AFP manufacturing on the fatigue behavior of laminates. 
3- In the literature, it was mentioned that the AFP defects, such as gaps, are critical because 
of the probability of damage initiation from these locations. Nevertheless, the dominant 
damage mechanisms as a result of these manufacturing defects were not investigated. 
Motivated by the desire to cover these aforementioned gaps in the literature, the objectives 
of this presented research are as follows: 
1- Experimental investigation of the effect of induced gaps on the fatigue performance of 
laminates manufactured by AFP technique. For better understanding of the effect of 
these defects, some parameters were considered within the study such as laminate 
configuration, gap shape, number of gaps and orientation of gaps. 
2- Using IR thermography as a non-destructive technique for real time detection of 
damage during fatigue loading of laminates containing gaps. 
3- Using of sectioning and inspection using SEM as a destructive technique for 
investigating the occurrence of internal damage that arises at the location of the 
manufacturing defects. 
4- IR thermography was also used in the study as a method for rapid evaluation of the 
stress values below which there is no effect of induced gaps on the fatigue life of AFP 
laminates.  
5- A fatigue progressive damage model (FPDM) was developed and applied to the case 
of laminates containing gaps and subjected to fatigue loading. This model is helpful in 
saving time and material required for performing real fatigue tests especially in the 




 Thesis organization 
A general overview is presented in chapter (1) focusing on the previous research in the field 
of the effect of AFP defects in the literature. In addition, a brief overview about fatigue behavior, 
damage and detection of damage in composites is discussed. 
Details of experimental work performed to investigate the effect of gaps on fatigue behavior 
are illustrated in chapter (2). Procedures of manufacturing and testing of specimens are elaborated 
and the specifications of the used testing and detecting equipment are presented in this chapter. 
The results of the performed experiments are shown in chapter (3) accompanied by the analysis 
and explanations of the obtained results. Moreover, the results of using IR thermography as a real 
time method for damage detection during fatigue loading are discussed in this chapter. 
At the end of chapter (3) it is found that the main drawbacks in determining the threshold 
stresses, value of stresses below which the effect of gaps on fatigue life diminishes, are the 
extensive time and material consumption. Consequently, in chapter (4), IR thermography is used 
as a rapid and accurate method for evaluation of the threshold stress values. This is found to 
overcome the drawbacks of the traditional fatigue testing method performed in chapters (2) and 
(3). 
Chapter (5) is devoted for the developed fatigue progressive damage model (FPDM). This 
chapter is divided into two main parts. In the first part, the main steps of the FPDM are explained 
in details. In the second part, validation of the developed model is performed by comparing the 
predicted results from the FPDM with the results obtained from the conducted experiments, 
illustrated in chapter (3).  
In Chapter (6), a comprehensive conclusion for all of the chapters and suggested future work 

















The purpose of the experimental work is to have a good understanding of the effect of the 
unavoidable gaps during AFP manufacturing on the mechanical performance of composite 
laminates subjected to fatigue loading. In order to reach this goal, two sets of tests were performed. 
The first set is a group of static tests for material characterization. The static tests aim at obtaining 
the mechanical properties of the material required as inputs for the finite element model. The 
second set is the fatigue tests performed on both defective specimens and reference, free from 
defects, specimens to investigate the effect of gaps on the fatigue behavior of laminates made by 
AFP. Hereafter, detailed procedures for specimen fabrication will be presented followed by the 
methodology used for creating the defects in the manufactured laminates. Then, different 





The material used in the study was carbon/epoxy prepreg (CYCOM 977-2-35-12K HTS-
145) supplied by Cytec company. The material is supplied in spools of strips whose width is 0.25 
inch (6.125 mm), shown in Figure 2-1. The material was formulated for autoclave curing with a 
curing temperature of 177 oC and it has many applications in aircraft and space fields. The material 
spools were stored in vacuum sealed bags and kept in freezer at -18 oC. The sealed bags were taken 
out from the freezer one day before using to thaw to room temperature. The used material did not 
exceed the out-life which was 30 days and the tackiness of the material was found to be good 
during manufacturing.   
 
 




 Specimen preparation and inspection 
 Specimen manufacturing and curing 
All the manufactured plates within the study were made using the AFP machine available at 
Concordia Center of Composites (CONCOM). The AFP machine supplied by Automated 
Dynamics is shown previously in Figure 1-2. These are some specifications for the machine: 
1- Kawasaki robot arm with six degrees of freedom. 
2- Fixture for cylindrical and flat mandrels with one degree of freedom (rotation around its 
axis) shown in Figure 1-2. 
3- Head interface connection was designed to accept both thermoset and thermoplastic 
composites. 
4- The system is supported by independent tow control capability which can cut/restart each 
tow individually 
5- Head-mounted creel can carry up to four material spools with 0.25 inch (6.35 mm) wide 
tows. 
 
 The AFP machine laid down the material strips in any orientation on a flat mandrel. The 
dimensions of the manufactured panels were 12 inch (304.8 mm) length and 15 inch (381 mm) 
width. The parameters used during AFP manufacturing process were kept the same for all of the 
composite panels to avoid any effect of parameters change. The manufacturing parameters were:  
 Torch temperature: 100 oC 
 Compaction force: 60 lbf. 
 Layup speed: 3 in/sec 
After manufacturing, the panels were vacuum bagged and prepared for autoclave curing. 
The vacuum bag assembly was then checked for any air leakage then it was placed inside the 
autoclave as shown in Figure 2-2. The autoclave is a cylindrical chamber that can apply pressure 
and temperature simultaneously during the curing process. The temperature is required for 




the viscosity of the resin which consequently facilitates the resin flow among fibers to ensure full 
wetting and squeezing out any air voids in the layers. The pressure is also needed for compacting 
the layers together in order to remove the trapped air voids out of the laminate.  
The recommended curing cycle from the manufacturer [72] was followed as shown in 
Figure 2-3. It consists of temperature ramp-up with 2.5 oC/min up to 177 oC, followed by holding 
at 177 oC for 3 hours then cooling down with 2.5 oC/min. Both pressure and vacuum were kept 
constant at 70 psi and 15 psi respectively during the whole curing cycle. 
 
 






 Figure 2-3 Curing conditions for the material (Cycom 977-2) [72] 
 
The curing conditions were kept constant for all fabricated laminates to perform as accurate 
comparison as possible among different types of laminates. After curing, a distance of 1 inch 
(25.4mm) was trimmed from each side of the plate and all edges were cut parallel and 
perpendicular to the fiber direction. Cutting process was performed using a water-cooled diamond 
blade. 
 Quality Inspection of laminates 
After manufacturing of the composite panels, some specimens were cut and inspected to 
check the quality of the manufactured laminates. This section represents the performed inspection 
procedures using Digital Scanning Calorimeter (DSC) and optical imaging. 
 DSC characterization 
Mechanical properties of thermoset polymer composites are greatly affected by the degree 











































were inspected using DSC to check the degree of cure of the manufactured samples. The DSC 
used was Q-200 manufactured by TA instruments, shown in Figure 2-4.  
 
Figure 2-4:  Digital Scanning Calorimeter (DSC) used to check the degree of cure 
 
Three samples of 10 mg each from a unidirectional plate were cut and put in an aluminum 
pan to be cured. The device subjects the specimen to 2 heating/cooling cycles. The curing reaction 
is an exothermic reaction. So, if any uncured resin existed in the laminate, it will cure during the 
heating portion of the cycle and exothermic heat will be detected. If no peaks of heat were detected 
during the tests, then this means that the tested specimen was fully cured. 
 Microscopic inspection 
Mechanical properties, especially fatigue properties, can be severely affected by the void 
contents inside the laminate. So, some sections were cut from the cured laminates at different 
locations and inspected using Scanning Electron Microscopy (SEM). The purpose of this 




volume fraction. The following steps summarize the procedures followed for samples preparation 
for SEM inspection: 
1- Samples of 1 inch (25.4 mm) length and 0.5 inch (12.7 mm) width were sectioned from 
the cured plates from various locations, close to the edges and at the middle area of the 
plates. 
2- In order to polish these sections, they should be immersed in epoxy resin and left to be 
cured. Then the polishing procedures are carried out. To do this, 15 gm of epoxy (Anamet- 
DER324) and 1.65 gm of hardener (DEH-24) were added together and mixed using a 
vacuum mixer (Thinky-ARV200) as shown in Figure 2-5 to get rid of any air bubbles in 
the mixture. The mixture was poured in cylindrical plastic molds containing the samples 




Figure 2-5: Vacuum mixer used to remove air bubbles 
 
3- After curing of epoxy containing the samples, the surface of samples was polished using 
automatic polishing machine (Persi Mecatech 234), shown in Figure 2-6. The following 




- Grinding with 180 grade sanding paper for 60 seconds. 
- Grinding with 320 grade sanding paper for 120 seconds. 
- Grinding with 600 grade sanding paper for 120 seconds. 
- Polishing with 9 µm pad for 200 seconds. 
- Polishing with 3 µm pad for 200 seconds. 
4- Then the samples were ready for being inspected using “FEIN Optic RX50 microscope”. 
 
 
Figure 2-6: Automatic polishing machines used to prepare the SEM samples 
 
Image analysis was performed on the captured microscopic images using ImageJ software 
which can be used for stitching of many magnified images together to obtain one continuous image 
for the entire width of the samples. Also, it can be used for measuring the fiber volume fraction 
and void contents in the samples based on the ratio between the areas of fibers/voids to the total 





 End tabbing and specimen cutting 
To avoid high stresses from the testing machine grips during testing, GFRP tabs were bonded 
to the edge of the cured plates according to ASTM standards [73]. 3M-162S scotch adhesive film 
was used to bond the tabs to the laminates. The adhesive film needs to be cured at 105 oC for 90 
minutes with applied vacuum of 10 inches of mercury. Hence, the plates with the end tabs were 
vacuum bagged again and placed inside the oven (Heratherm oven) for 90 minutes.  
Finally, the plates were cut into samples with the required testing dimensions, which will be 
illustrated later in “mechanical testing” sub-section, using a water-cooled diamond saw. The 
cutting procedures were performed with caution to avoid any misalignment or deviation of fibers 
from the required directions.   
 Defect configurations 
As mentioned previously, gaps can generate during manufacturing using AFP either parallel 
or perpendicular to fiber direction. The second type of gaps, gaps normal to fibers, is more severe 
than the first one because as a result of cutting of fibers, high stresses generate at the edge of the 
gap that might cause damage initiation. So, the present work focused on studying the gaps created 
normal to fibers as a result of tow cuts. 
In reality, the generated gaps have a triangular shapes. For the sake of simplicity, gaps were 
assumed to have a rectangular shape. However, within the study the effect of changing the gap 
shape to triangular gaps was investigated and compared to the rectangular ones. In the following 
subsections, in order to fully understand the effect of the gaps on the fatigue behavior of AFP 
laminates, a variety of parameters will be considered. The present work focused on the following 
parameters:  
1- Effect of gaps in 0o layers for different stacking sequences. 
2- Effect of gap shape. 
3- Effect of gap orientation. 




The methodology for creating the different defects for studying the aforementioned 
parameters will be presented in the following subsections. 
 Effect of gaps in 0o layer for different stacking sequences 
The purpose of this study is to investigate the effect of the gaps in the 0o layers in laminates 
manufactured with AFP. The gaps will be created normal to fibers as mentioned previously. 
Fatigue tests were conducted on unidirectional, cross-ply and quasi-isotropic laminates in order to 
investigate the behavior of different stacking sequences and to check the repeatability of the 
behavior among the commonly used laminates in industrial applications. The lay-up sequences for 
the tested laminates are: 
 Unidirectional: (0)9. 
 Cross-ply:  (90/0/90/0/0/0/90/0/90). 
 Quasi-isotropic: (90/45/-45/0/0/0/-45/45/90).  
Initially, reference plates, free from gaps, with different stacking sequences were 
manufactured. These plates were designed for obtaining the fatigue behavior of the reference 
specimens. 
 In order to investigate the effect of the manufacturing gaps on the fatigue behavior, other 
defective plates containing gaps with the same stacking sequences were manufactured. Gaps were 
created in the middle 0o layers for all different stacking sequences. 
The AFP machine was used to create the gaps in the middle layers during laminates 
manufacturing. Gaps were created using cut/restart capability of the machine. The dimensions of 
the created gaps were 3 mm along the length of the sample and 1 tow width (6.35 mm) across the 
width.  After laying down the middle layer on the tool plate and creating the gaps, the machine 
was stopped and the locations of the gaps were marked at the edge of the plates so that the gaps 
locations can be easily identified after curing of the laminates. Then, the machine continued to lay 




After manufacturing, the plates were cured according to the previously illustrated curing 
cycle. Then, specimens were cut from the plates using a water cooled diamond blade so that each 
specimen contains only one gap at the middle of the thickness and the middle of the width.  
Figure 2-7 shows the dimensions of the tested samples and Figure 2-8 shows the location of 
the gaps across the thickness for the different stacking sequences. 
 
 










One tow thickness 





Figure 2-8: Location of the gaps across thickness of (a) unidirectional, (b) cross-ply and 
(C) quasi-isotropic laminates.  
 Effect of gap shape 
In most practical cases due to width variation while steering of fibers, or at the cross 
boundaries between sectors while manufacturing complex parts, straight cutters in the AFP 
machine head are used to trim the fiber tows at the required location to avoid overlapping of fibers 
specially at boundaries between adjacent courses. Each fiber tow is cut by a different cutter which 
enables cutting of fibers individually during positioning of material strips upon the tool surface. In 
reality, this cutting process reveals gaps with triangular areas as shown previously in Figure 1-5.   
The formulated gaps can have different sizes. Consequently, in the present study, the effect 
of changing the gap size and shape from the rectangular to the triangular shape was investigated. 
This was done by creating triangular gaps in the middle of the laminates with sides of different 
aspect ratios: 1, 2 and 3 as shown in Figure 2-9. The triangular gaps were created in 0 layers since 
this represents the worst case scenario. In order to create triangular gaps, some tows should be cut 
inclined to fiber direction. The cutting mechanism of the AFP machine can only create cuts normal 








   
Figure 2-9: Triangular gaps with sides of different aspect ratios: (a) 1, (b) 2 and (c) 3. 
Prior to manufacturing, individual tows were cut to form triangular gaps with three different 
aspect ratios. During manufacturing process, after laying down the fifth layer the AFP machine 
was stopped and the laid tows were replaced with the manually cut ones at the required location 
of the gaps then the machine continued to lay down the rest of the laminate. 
 Effect of gap orientation 
Any structural component made of composite material consists of many layers with different 
orientations. The most commonly used orientations are 0o, 90o and 45o. During AFP manufacturing 
process of laminates containing multiple layers with different orientations, gaps can emerge in any 
of those layers. The orientation of the induced gap is controlled by the orientation of the fibers in 
the layer since tows are cut normal to fiber direction. 
In the present study, the effect of changing the orientation of the gaps was investigated by 
creating the gaps in 90o and -45o layers. Quasi-isotropic laminates (90/45/-45*/0/0/0/-45/45/90) 
were used to investigate the effect of gaps in 45o layers while cross-ply laminates 
(90/0/90*/0/0/0/90/0/90) were used to investigate the effect of gaps in 90o layers. The layer 
denoted by (*) symbol is the defective layer. 
Figure 2-10 shows the distribution of the gaps in the -45o defective layer and the dashed lines 
are the boundaries of the specimen to be cut from the plate. Each specimen contains only one gap. 
By comparing the fatigue behavior of the quasi-isotropic specimens containing one gap in the -45o 




layer with the quasi-isotropic specimens containing one gap in 0o layer, the effect of changing the 
orientation of the gap from 0o to 45o can be obtained. 
Figure 2-11 shows the distribution of the gaps in the 90o layers. The dashed lines represents 
the boundaries of the specimen to be cut. The minimum cutting length of the machine is two inches 
(50.8 mm) which means that the machine should travel a distance of two inches (50.8 mm) before 
cutting the placed fibers. If the AFP machine was used to create the gaps in 90o layers during 
manufacturing, then the distance between the created gaps will be at least 2 inches (50.8 mm). 
Since the required width of the specimen was one inch (25.4 mm) with a gap at the middle of the 
width, then there will be a waste of material between the defective specimens. Consequently, in 
order to avoid the material waste during manufacturing, gaps were created manually at the required 
locations with a separating distance of one inch (25.4) as shown in Figure 2-11. By comparing the 
fatigue behavior of the cross-ply laminates with gaps in 0o layer with cross-ply laminates with gaps 
in 90o layer, the effect of changing the orientation of the gap from 0o to 90o can be obtained.  
 
 






Figure 2-11: Schematic representation of the 90o layer containing gaps in the defective cross-
ply plate 
 
 Effect of number of gaps 
Practically, during AFP manufacturing process many gaps can arise in the layer as a result 
of the intersection of many tows at the boundaries of courses as shown previously in Figure 1-4 
and Figure 1-5. So far, in the previous subsections specimens with one gap were manufactured to 
investigate the effect of one gap. In order to have a step forward to approach the practical cases, 
the effect of increasing the number of gaps needs to be studied. Unidirectional specimens 
containing two gaps were manufactured and fatigue tested in order to investigate the interaction 
between gaps and to figure out the effect of increasing the number of gaps. By comparing the 
fatigue behavior of laminates containing one gap with that of two gaps, the behavior can be 
extrapolated for laminates containing many gaps. 
The number of gaps was increased in two different directions: in-plane and out-of-plane. 
The in-plane increasing of number of gaps means adding more gaps in the same layer. However, 




For the in-plane case, two different gap configurations were manufactured and tested. In the 
first configuration the two gaps were located in two adjacent tows while the centers of the two 
gaps were shifted by X = 3 mm (gap length) along fiber direction as shown in Figure 2-12 (a). It 
can be observed that this gap configuration occurs in reality when the two gaps have a point in 
common as shown in Figure 1-5. In the second configuration, the gaps were located in two adjacent 
tows while the center of the two gaps are shifted by X = 10 mm along fiber direction as shown in 
Figure 2-12 (b). The dashed lines represent the boundaries of the specimen to be cut and tested. 
By comparing the fatigue behavior of the different configurations, the effect of increasing the 
number of gaps and the distance between gaps can be determined. 
For the out-of-plane case, two gap configurations were selected. In the first configuration, 
the two gaps were located in two adjacent layers while being shifted across the width with respect 
to each other by a distance of full tow width. This configuration represents a full tow staggering 
(FTS) technique as shown in Figure 2-13 (a). In the second configuration the two gaps were shifted 
across the width with respect to each other by a distance of half tow width which represents a half 
tow staggering (HTS) technique as shown in Figure 2-13 (b).  By comparing the fatigue behavior 
of the different configurations, the effect of out-of-plane increasing the number of gaps and the 
staggering distance can be determined.  
 










Figure 2-13: Out-of-plane gaps configurations: (a) full tow and (b) half tow staggering 
 Mechanical testing 
The following subsections detail the testing conditions for both quasi-static and fatigue tests. 
All tests were conducted on a servo-hydraulic MTS testing machine with a maximum capacity of 








The MTS loading unit is capable of performing quasi-static and dynamic mechanical tests. 
The system features an extremely stiff frame which provides stability during testing. The 
machine’s digital servo-controllers provides high accuracy of head positioning. The machine can 
be controlled by MTS’s Multipurpose Testware software through a computer connected to the 
control unit of the testing machine. The computer also controls the operation of the hydraulic 
power unit (HPU) which is responsible for supplying the system with the required hydraulic power. 
 
 
Figure 2-14: MTS testing machine used for quasi-static and fatigue tests. 
 Quasi-static tests 
Characterizing the material is very essential in understanding the behavior and the 
performance of the real structure.  In order to characterize the material used in the study, various 




compression and shear properties. The resulting mechanical properties were used as inputs for the 
finite element modeling platform used in the present work (ANSYS). The characterization tests 
were performed according to the ASTM standards and the specimens were manufactured using 
AFP process. These experiments were designed based on the assumption that laminate is 
transversely isotropic which means that the properties transverse to fiber directions are the same. 
 Tensile test 
The specimen preparation and testing were conducted according to ASTM D3039 [73]. 
Tensile tests were performed on rectangular specimens in a displacement control mode with 2 
mm/min cross head displacement. Fiber glass end tabs were used to alleviate the effect of grips. 
For each of the following described tests, five specimens from the same plate were cut and tested 
and the results were averaged.  
 Two different stacking sequences were manufactured for these tests. Unidirectional (0o) 
specimens with fibers oriented in the loading direction were tested to determine E11, υ12 and Xt 
which are the Young modulus in fiber direction, major Poisson ratio in 1-2 plane and tensile 
strength in fiber direction, respectively.  Two perpendicular strain gauges were bonded to the 
specimen’s surface in the longitudinal and transverse directions in order to measure the axial and 
transverse strain to get the Poisson ratio. Figure 2-15 shows the dimensions of the used standard 
specimens. The strain gauges were Vishay 350 Ω resistance with a gage factor of 2. The modulus 
of elasticity was determined at 0.3 % strain level and the Poisson ratio was calculated based on the 
ratio between the normal and transverse strain according to ASTM D3039 [73] . The ultimate 
strength was obtained by dividing the maximum load at the point of complete failure and the cross 
sectional area of the specimen.  
For all the tests, the cross sectional area was calculated using the thickness and width of the 
specimen. Both thickness and width were measured at three different locations along the length of 
the specimen and the average were obtained. A micrometer with a precision of 0.001 mm was used 





The other stacking sequence was unidirectional (90o) with fibers oriented perpendicular to 
loading direction. These specimens were tested to obtain E22 and YT which are Young modulus 
transverse to fiber direction and transverse tensile strength. For this type of specimen, only one 
strain gauge was attached in the loading direction as shown in Figure 2-16. 
 
 
Figure 2-15: Unidirectional (0o) specimen with attached strain gages for quasi-static tensile 
tests (dimensions in mm).  
 
Figure 2-16: Unidirectional (90o) specimen with attached strain gages for quasi-static tensile 
tests (dimensions in mm) 
 
In order to collect the recordings of the strain gauges attached to the specimens, a strain 
indicator Vishay 2160, shown in Figure 2-17, was used. This device has four channels that can be 













records the values of the force and displacement from the testing machine. Consequently, by 
synchronizing the machine with the strain indicator, the strain readings corresponding to the 
recorded force can be obtained. 
 
 
Figure 2-17: Strain recording device Vishay 2160 
 Compression test 
The specimen manufacturing and testing were conducted according to ASTM D3410 [74]. 
Compression tests were performed on rectangular specimens in a displacement control mode with 
1.5 mm/min cross head displacement using a compression fixture shown in Figure 2-18. Such as 
the case of tensile tests, compression tests were conducted on parallel, Figure 2-19 (a), and 
transverse to fiber directions, Figure 2-19 (b), in order obtain the ultimate compression strength in 
fiber direction, Xc, and in transverse direction, Yc. The ultimate strength was obtained by dividing 





         












Figure 2-19: Specimens for compression tests (a) along fiber and (b) transverse to fibers. 
(dimensions in mm)  
 Shear test 
The purpose of this group of tests is to determine τ12 and G12 which are the in-plane shear 
strength and in-plane shear modulus, respectively. This test was performed according to ASTM 
3518 [75] in which tensile test is conducted on specimens with fibers oriented in ±45o to loading 
direction. Two strain gages are bonded parallel and transverse to loading directions as shown in 
Figure 2-20. The shear modulus of elasticity is determined at 0.4% shear strain. The ultimate shear 
strength is obtained from the ultimate or failure tensile loading according to [75].  
 











 Fatigue test 
The goal of performing the fatigue tests is to investigate the effect of the unavoidable gaps 
induced in laminates during AFP manufacturing process on the fatigue performance of the 
material. These tests were performed on the same MTS machine used for the quasi-static tests. 
During fatigue tests, the machine was set to load control mode in which the applied load is kept 
constant and the specimen becomes more compliant with cycles. 
 The applied load was in sinusoidal wave form as shown in Figure 2-21. The ratio between 
the maximum and the minimum stress (R) in each fatigue cycle was 0.1 which means that the 
specimens will be subjected to tension/tension fatigue tests. This loading condition was chosen as 
a simple start for investigating the effect of the gap on the fatigue performance. However the work 
should be extended for more complicated cases such as compression/compression. The used 
frequency in the test was 5 Hz.  Higher frequencies were avoided to reduce the heat generated 
during fatigue at high frequencies which negatively affects the matrix properties. The dimensions 
of all specimens tested under fatigue loading were 10 inches (254 mm) in the loading direction 
and 1 inch (25.4 mm) in transverse direction. 
In order to perform the fatigue experiments, the testing machine was programmed so that 
the applied load ramped-up from zero to the mean stress. Then, the cyclic loading started with the 
predefined frequency and stress ratio. During the first ramp up loading, the displacement rate (2 
mm/min) was chosen to be the same as that performed in case of quasi-static tests to avoid any 
effect of changing the strain rate. The data acquisition stored the force and the displacement at two 
points in each cycle which correspond to the maximum and minimum applied stresses. 
Fatigue tests were stopped at final failure of specimen when it was pulled apart into two 
portions or when the specimen reached 106 cycles without failure and considered as a run-out 
specimen. 
Fatigue tests were performed for different stress levels of different ratios to the ultimate 
tensile strength of the tested laminate and five specimens were tested at each stress level. The 
maximum applied stresses were plotted against the obtained number of cycles to failure in a log 




S/N curves for reference and defective laminates, the effect of the gaps on the fatigue life can be 
concluded.  
 
Figure 2-21: Applied stress in fatigue cycles in the form of sinusoidal waves 
 
Sectioning of specimens was also performed in order to examine the different internal 
damage mechanisms that occurred within the laminate due to the existence of gaps. The procedures 
for preparing specimens for inspection using SEM were mentioned in detail in section (2.2.2.2). 
Table 2-1 shows the test program designed for investigating the different parameters and the 
codes assigned to the fatigue tested specimens in addition to the number of specimens tested for 











Table 2-1: Test program performed in the current study 







-Unidirectional with rectangular gaps 
[0/0/0/0/0*/0/0/0/0] 







-Unidirectional without gaps 
[0/0/0/0/0/0/0/0/0] 






-Cross-ply without gaps 
[90/0/90/0/0/0/90/0/90] 







-Quasi-isotropic without gaps 
[90/45/-45/0/0/0/-45/45/90] 













Number of gaps UD-2 gaps-3 
-2 gaps in the same layer with 3 mm 







-2 gaps in the same layer with 10 














 Damage monitoring using IR thermography 
One of the major concerns in the aerospace industry is detecting the defects and the 
consequence of its existence such as the developed damage mechanisms. In the present study, the 
existence of these mechanisms was evaluated using both destructive and non-destructive 
techniques. Sectioning of specimens prior to failure represents the former technique and it was 
presented previously.  
Infrared (IR) thermography was used as a non-destructive method for detecting the damage 
that emerged as a result of gaps. IR thermography provides the temperature distribution on the 
surface of the specimen based on the infrared radiation emitted from the surface. As a result of 
damage initiation and propagation from the gaps existed in the laminate during fatigue tests, energy 
is released from the defective locations. The heat transferred by conduction through the thickness 
of the laminate from the damage location to the surfaces causes the temperature of the specimen’s 
surface to increase which can be detected using IR thermography. Figure 2-22 shows the IR system 






Figure 2-22: Infrared camera (FLIR 450SC) used to detect damage occurrence  
 
The IR camera was FLIR 450SC with the following specifications: 
 Produces thermal images of 320 x 240 Pixels.  
 Creating both images and radiometric real time recordings. 
 Sensitivity NETD @ 30 C : 80mK.  
 Frame Rate : 30 Hz 
 Accuracy: ±1 oC. 
 Object temperature range : -40°C to +1500°C  
Figure 2-23 shows a scheme for the test setup. The IR camera was fixed on a tripod at a 
distance of one meter facing one side of the sample while being fatigue tested. The camera displays 
the thermal map for the specimen’s surface showing the temperature gradient as a result of any 
damage occurrence within the laminate providing a method for detection of defects and damage 




generated at the gripping locations. So, the camera was focused on the area at the middle of the 
specimen and centered on the gap location away from any temperature disturbance due to grips. 
The IR camera can be used in two different modes. It can be used to capture images similar 
to the function of personal digital cameras but with providing the temperature distribution on the 
captured images. In addition, it can be used to record thermal videos. The advantage of the second 
mode is that the data is stored in the video and can be post processed after recording with the 
capability of modifying the display parameters such as the contour colors and the temperature 
scale. This advantage is not available in the picture mode in which the display of the image cannot 
be modified after capturing. The only drawback of the video mode is that it requires a large space 
for storing the data. 
In the current work, the camera was set to video mode to provide the surface temperature 
during the whole period of testing to be able to capture minor changes in the temperature 
distribution during testing time. The camera was connected to a computer to collect and store the 
thermal data. The computer is supported by a Research IR software which acted as an interface 
between the IR camera and the computer and can be used for extracting and analyzing the thermal 







  Figure 2-23: Schematic representation of the experimental test set up. 
 
 
  Summary 
This chapter presents the detailed procedures for the experimental work performed and the 
specifications of the equipment in the current study. In addition, the objective of each set of 
experiments was illustrated and the methodology performed to satisfy these objectives was 

















The aim of this chapter is to present the experimental results which consist mainly of 
inspection and testing results, infrared thermography and optical imaging analysis. The first part 
of this chapter will focus on the results of the quasi-static tests performed to characterize the 
material. In the second part, the effect of the gaps on the fatigue performance will be presented 




 Quality inspection results 
Before starting the tests, DSC was used to check the degree of cure of the manufactured and 
cured plate. Figure 3-1 shows the result of the DSC test for one unidirectional sample. No 
temperature peaks were observed during the heating/cooling cycles. This indicates no exothermic 
reaction and fully cured tested specimen. From such a curve, the glass transition temperature can 
be obtained at the midpoint of slope shifting region during the heating phase. It was found to be 
189 oC.  
Figure 3-2 (a) shows a microscopic image of a cured sample across the width. No voids were 
found in the tested specimens. The average volume fraction was obtained using IMAGJ software 
at different sections to be 60.1% with a variation of 3%. Some sections were also cut exactly at the 
middle of the defective specimens in order to check that the gaps were created at the required 
locations.  It was found that the gaps were in the proper positions and it was observed that the gaps 
appeared as resin pockets in the laminates, completely filled with resin as shown in Figure 3-2 (b). 
 
 








Figure 3-2: Microscopic images for unidirectional specimen (a) across the width and (b) across 
the length 
 Characterization tests 
Quasi-static tensile tests were performed on unidirectional 0o laminates to determine E11, υ12 
and Xt which are the Young’s modulus in fiber direction, major Poisson’s ratio in 1-2 plane and 
tensile strength in fiber direction, respectively. Figure 3-3 shows the stress strain relations in axial 
and transverse directions for the case of reference specimens obtained from the two strain gauges 
mounted on the specimen’s surface. The illustrated results are for one sample as an example. It 
can be observed that the behavior is linear in both directions up to final failure of the specimen. 
The ultimate strain to failure in the longitudinal and transverse directions were 0.0165 and -0.0044 
με, respectively. The slope of the stress-strain relation in the axial direction was used to get the 
Young modulus in fiber direction, E11. The average value of the 5 tested specimens was found to 
be 140 GPa.  
The major Poisson’s ratio, υ12, is the ratio between the strain from the transverse strain gauge 
and the strain from the longitudinal one when the load is applied in the fiber direction. The average 
value was found to be 0.28. The ultimate tensile strength was calculated by dividing the maximum 
load at failure to the cross sectional area of the specimen. The average value was found to be 2500 
MPa for the reference specimen. Figure 3-3 also shows the longitudinal stress-strain relation for a 







case of reference specimen and there is a small reduction in the value of the maximum load to 
failure. The average tensile strength of defective specimen was 2350 MPa which means a reduction 
of only 6% between the defective and reference specimens.   
 
 
Figure 3-3: Stress-strain relations for longitudinal tensile test 
 
The damage mechanisms for unidirectional specimen subjected to loading in fiber direction 
started with some weak fibers breakage as a result of the scattering in fiber strength and this was 
distinguished by hearing the breaking sound of these randomly distributed weak fibers. The shear 
stress at the end of these broken fibers increases and causes the initiation of some matrix cracks 
that might propagate transverse or parallel to fibers. When the applied stress reaches the strength 
of the fibers, failure occurred catastrophically by splitting and fiber breakage.  
Specimens with 90o layers were also tensile tested to obtain E22 and YT which are Young’s 































shows the stress-strain behavior in the transverse direction obtained from the strain gauge mounted 
in the direction of loading. It can be observed that the behavior was also linear up to final failure 
which occurred at an average value of 60 MPa. The Young’s modulus in the transverse directions 
was calculated from the slope of the linear curve and the average value of the five tested specimens 
was 11 GPa.   
 
Figure 3-4: Stress-strain relation for transverse tensile test 
 
The dominant damage mechanism in the case of 90o laminates is matrix cracking. It initiates 
from weak locations within the layers such as resin rich areas then these cracks grow parallel to 
fibers by increasing the load up to final failure that occurs by matrix failure.  
Specimens with ±45 layers were tensile tested to obtain τ12 and G12 which are the in-plane 
shear strength and in-plane shear modulus, respectively. Figure 3-5 shows the shear stress strain 
relation which exhibits a non-linear behavior. The average shear strength was calculated using the 


















of 5 GPa. The dominant damage mechanisms for the case of ±45o laminates were matrix cracking 
in 45o and -45o layers and delamination.  
 
Figure 3-5 Shear stress-strain relation for ±45o laminate under quasi-static tensile test. 
 
For the specimen of 0o and 90o laminates tested under compression, no strain gages were 
used with the tested specimens since the objective of the tests was to determine the compression 
strength. The average longitudinal and transverse compression strength values were found to be 
1450 MPa with a standard deviation of 62 MPa and 200 MPa with a standard deviation of 36 MPa, 
respectively. The final failure occurred by brooming for the case of 0o laminates while it occurs in 
the form of matrix failure in the case of 90o laminates. 
 Fatigue tests 
This section will present the results of the fatigue tests performed to investigate the effect of 


























 Effect of gaps in 0o layer for different stacking sequences 
  Unidirectional laminates 
Unidirectional reference and defective 0o laminates were subjected to tension-tension fatigue 
tests up to final failure or when the specimen runs out at 106 cycles. The specimens were tested at 
four stress levels, in addition to the run out stress level denoted by an arrow, that range between 
70% and 80% of the ultimate tensile strength (UTS) of the reference laminates in an effort to make 
the specimens fail between 103 and 106 cycles. Although in real application the applied stress might 
be less than these tested values, but it is very important for the designer to have a full understanding 
of the behavior of the defective material at both high and low stresses to account for any sudden 
increase or severe loading conditions. Five specimens were tested at each stress level in order to 
develop the stress/life (S/N) curves for both reference and defective unidirectional specimens. 
Figure 3-6 shows the obtained number of cycles to failure at each stress level for both reference 
and defective unidirectional specimens. 
Basically, the fatigue data can be represented in terms of stress/life curves or strain/life 
curves. In conducted tests in the study, the fatigue cycles were performed in load control mode so 
all the input parameters were used in terms of load (stress). In addition, in the finite element 
modeling work, a stress based failure criteria was used, Hashin failure criteria [76], since it can 
distinguish between different failure mode. Consequently, the fatigue data was presented in terms 





Figure 3-6: Fatigue lives at each stress for unidirectional reference and defective 
specimens 
In order to assess the reliability of the fatigue results, two methods of statistical analysis 
were used. The first statistical method was based on a confidence level of 0.95. At each stress 
level, the average number of cycles and the uncertainty in the obtained results based on 0.95 
confidence level were calculated [77]. 
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                       ௜ܰ.௘௫௧. =  ௜ܰ.௔௩ ± ௜ܷ                 (3.3) 
Where:  
௜ܰ.௔௩ …. Average number of cycles to failure at stress ߪ௜. 


























௝ܰ…. Number of cycles to failure for each tested specimen j. 
௜ܷ…. Uncertainty in the experimental results at ߪ௜. 
݇…. Factor equals 2 for a confidence level of 0.95. 
ܵௗ௜….Standard deviation at ߪ௜. 
௜ܰ.௘௫௧..... Extreme values for number of cycles to failure at ߪ௜. 
Figure 3-7: Stress/life curves for unidirectional reference and defective specimens with gaps in 
0o layer at 0.95 confidence level 
Figure 3-7 shows the fitting lines for the plots relating the maximum applied stress and the 
number of cycles to failure using least square method. It also shows the scattering range in the 
failure cycles at each stress level based on 0.95 confidence level. In spite of the existence of 
scattering, there is an obvious difference in the fatigue lives between the reference and the 
y = -61.506x + 2086.6


























Number of cycles to failure, log scale
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defective specimens. It can be observed that there is a reduction in the life of defective specimens 
compared to the reference and this reduction varies by changing the applied stress. At high stresses, 
there is a severe reduction in fatigue life indicating a significant effect for the gap. For instance, at 
1940 MPa the average number of cycles to failure for the defective laminates was 560 cycles which 
is 22% of the fatigue life of the reference laminate, 2450 cycles, with a fatigue life reduction of 
78% at this stress level. However, by decreasing the applied stress, the behavior of the defective 
specimens approaches that of the reference ones showing an alleviated effect for the gap. For 
instance, at 1790 MPa the average number of cycles to failure for the defective laminates was 
49500 cycles which is 45% of the fatigue life of reference laminate, 110250 cycles, with a life 
reduction of 55% at this stress level. Hence, at lower stresses, although there is a difference 
between the absolute values of the fatigue lives of reference and defective specimens, but 
normalizing this difference to the reference fatigue life can show the alleviated effect of the gap 
by decreasing the applied stress. 
Each fatigue cycle consists of loading and unloading parts. During each cycle, some 
mechanical energy is stored in the material which represents the irreversible part of energy and 
can be identified by the hysteresis in the fatigue cycle. The other part is released back during the 
unloading portion of the cycles and represents the reversible energy as shown in the schematic 
illustration of Figure 3-8.  The energy stored in the material is the driving force for initiating the 
cracks from any pre-existing flaws in the material and also for propagating the existing cracks. At 
high stresses, the stored energy is high and the ability of the material to create damage from the 
gap is high. However, by decreasing the applied stress, this ability decreases and the effect of the 
gap on the fatigue life diminishes gradually. 
By decreasing the maximum applied stress, the two S/N curves for the reference and 
defective specimens converged to each other and intersected at applied stress value of 1725 MPa. 
So, at this stress value the fatigue lives of both reference and defective specimens are the same. 
Figure 3-9 shows a quantification of the reduction in fatigue life of unidirectional defective 
specimens at different applied stresses. The reduction curve was obtained from the regression 
fitting lines of the S/N curves for the reference and defective specimens. The reduction in life was 
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Figure 3-8: Reversible and irreversible energy during each fatigue cycle. 
 



























ோܰ௘௙ and ܰ஽ are the number of cycles to failure for the reference and defective specimen at 
the same applied stress, respectively. From Figure 3-9, it can be observed that by decreasing the 
maximum applied stress during the fatigue cycles, the effect of the gaps is alleviated and the 
reduction in the fatigue life decreases. The point of the intersection of the two S/N curves was 
found by extrapolating the two regression lines to be 1725 MPa. At this point, both types, reference 
and defective laminates, have the same life and hence no reduction at this point occurs. This value 
of stress corresponding to the intersection of the two S/N curves is called in the present study: 
threshold stress. It represents the value of the applied stress below which there is no effect for the 
gap on the fatigue life of laminates and it can be determined as the intersection of the reduction in 
life curve with the vertical axis, applied stress axis, in Figure 3-9. The threshold stress for the case 
of unidirectional specimens was 1725 MPa. 
The second statistical method was based on the Weibull distribution function. Based on 
Weibull function, the obtained data at any stress level can be used to get the life ( ௙ܰ) at different 
probabilities of failure (POF). 
The distribution function (F) of two parameters Weibull distribution for random variable 
( ௙ܰ) is [78]:  





ቁ   (3.5) 
Where ∝ is shape parameter and ݑ is the scale parameter. The reliability function or the 
probability of survival ܮோ can be defined as:  
ܮோ = 1 − ܨ       (3.6) 
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This represents a linear relation between ݈݊ ቆ݈݊ ቀ
ଵ
௅ೃ
ቁቇ and ln ( ௙ܰ) which can be used to get 
the values for ∝ and ݑ. The reliability function ܮோ can be estimated by the following relation [79]:  
 
 
ܮோ = 1 −  
௜ି଴.ଷ
௡ା଴.ସ
     (3.9) 
in which ݊ is the total number of specimens and ݅ is the specimen number. 
As an example, the case of applied stress of 1880 MPa for the defective specimens will be 
presented. The obtained fatigue lives at this applied stress are arranged in an ascending order as 
shown Table 3-1. 
 
Table 3-1: Number of cycles to failure obtained for unidirectional defective specimen at 
1880 MPa 
Specimen no. (݅) Nf  
1 1246 cycles 
2 1520 cycles 
3 1660 cycles 
4 1885 cycles 
5 2310 cycles 
 
Eqn. (3.9) with n =5 was used to obtain Lୖ then ln ቆln ቀ
ଵ
୐౎
ቁቇ is plotted against ln ( ௙ܰ). Then, 
the data was fitted to linear curve using least square method as shown in Figure 3-10. The slope of 
the line represents the shape parameter, ∝ = 4.425, and the intersection of the line with the vertical 





Figure 3-10 Statistical analysis of fatigue life data at applied stress of 1880 MPa for 
unidirectional defective specimen 
 
By inserting the probability of failure P୤ in Eqn. (3.8) such that: 
        ܮோ = 1 −  ௙ܲ      (3.10) 
Then:                       ݈݊ ቆ݈݊ ൬
ଵ
ଵି ௉೑
൰ቇ = ∝ ln ( ௙ܰ)− ∝ ln (ݑ)             (3.11) 
By arranging Eqn. (3.11): 
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Using Eqn. (3.12) with the obtained shape and scale parameter at applied stress of 1880 
MPa, the fatigue life ௙ܰ can be calculated at different probabilities of failure. Three probabilities 
of failure were used during this statistical analysis: 0.95, 0.5 and 0.05. The same procedures were 
followed for different stresses and fatigue lives shown in Figure 3-6. 
 Figure 3-11 shows the S/N curves for reference and defective samples at three different 
probabilities of failure. The same fatigue behavior can be observed at any probability of failure. 
For instance, at 0.95 POF the effect of gap is more evident at high stresses. By decreasing the 
applied stress, the S/N curves for reference and defective specimens converge to each other which 
indicates alleviation of gap effect. 
 
 
Figure 3-11: S/N curves for reference and defective unidirectional specimens at different 
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Damage mechanisms and IR thermography 
In order to figure out the main damage mechanism that occurs as a result of gap, some tested 
specimens were sectioned parallel and normal to fiber direction after 1000 cycles prior to complete 
failure. As a result of tow cut during manufacturing, the normal stress in the defective tow decays 
to a very low value at the edge of the gap. Consequently, the amount of stress carried by that 
defective tow is transferred to the adjacent tows in the upper and lower layers. As a result of shear 
transfer of load, high interlaminar stresses generate at the edge of the gap. These out-of-plane 
stresses help in initiating delamination, between the defective layer and the surrounding layers, 
from gap location which propagates in loading direction toward the grips. The occurrence of 
delamination reduces the ability of the material to transfer the load between layers and hence 
individual fibers will not sustain the applied stress. Then drastic failure happens by fiber breakage. 
Figure 3-12 represents a section cut normal to fiber direction at a distance of  X=6.5 mm from the 
center of the gap (the edge of the gap is at 1.5 mm), referring to the schematic illustration shown 
in Figure 2-7, showing the delamination that occurred between the middle defective 0o layer and 
the adjacent 0o layers. It was also observed that the damage propagated only along the length (X-
) direction without any transverse propagation along the thickness (Z-) or the width (Y-) directions. 
The width of the detected delamination was the same as the width of the gap, 0.25 inch (6.35 mm). 
Figure 3-13 shows a unidirectional 0o specimen after failure. Final failure took place in the form 
of longitudinal matrix cracks (split) and fiber breakage.  
 
Figure 3-12: Microscopic image at X=6.5mm from the gap center showing delamination 
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Figure 3-14: Temperature increase for reference and defective specimens 
To investigate the effect of gap on thermal behavior of laminates, two specimens, reference 
and defective, were tested at the same applied maximum stress (1880 MPa) and the temperature 
of the same location (at the center of the specimen on the surface) was monitored using IR camera. 
Figure 3-14 shows the temperature increase as a function of the number of cycles for 1000 cycles 

























propagation from the gap location in the middle of the defective specimen, there was a high 
temperature increase at the surface. 
Based on this observation, it can be concluded that IR thermography can be efficiently used 
to monitor the propagation of damage as a result of gap. Figure 3-15 (a) shows thermal images 
captured at different ratios of number of cycles to failure at maximum applied stress of 1880 MPa. 
At the start of the fatigue test, the surface temperature of the specimen was uniform. Then, the 
temperature started to increase at the middle of the specimen as an indication of occurrence of 
damage and it continued to increase longitudinally toward the machine grips due to damage 
propagation along the length up to final failure of the specimen. Figure 3-15 (b) shows the same 
sample at failure. There is good correspondence between the temperature distribution and the 
location of final failure since failure occurred at the area of the highest temperature detected by 
the IR camera.  
Figure 3-15: (a) Detection of damage evolution using IR and (b) specimen at failure 
 
 Figure 3-16 (a) shows the thermal behavior of unidirectional defective samples at different 
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of specimens. However at lower stresses, initially, the rate of temperature increase was high 
followed by lower rate as illustrated for stress level of 1840 and 1790 MPa. Figure 3-16 (b) 
demonstrates the thermal behavior of the reference samples. Initially, there is a temperature 
increase as a result of damage growth from pre-existing manufacturing defects followed by 
constant temperature due to damage saturation in the specimen and finally a sudden increase at 
failure. In addition, in Figure 3-16 (b), the behavior of the defective specimen at the same applied 
stress, 1840 MPa, was shown for the purpose of comparing the thermal behavior of the two types. 
 There are two main sources responsible for temperature increase during fatigue loading. 
The first one is due to the viscoelastic nature of matrix material. The second one is due to the 
damage mechanisms. It was found in reference [64] that the heat generation by damage has the 
main contribution to the temperature increase. In addition, the viscoelastic effect can be assumed 
to be small due to the small size of the created gaps.  The heat generated from damage mechanisms 
can be generated instantaneously as a result of damage occurrence. When damage occurs, energy 
is released from the damage location and causes the temperature of the material to increase. It can 
also be generated continuously as a result of rubbing of the created surfaces from delamination. 
The continuous rubbing of the surfaces created by the delamination can be considered as the major 
source of temperature increase during the fatigue life of the specimen. 
This can also be confirmed by comparing the thermal behavior of both reference and 
defective specimens in Figure 3-16 at applied stress of 1840 MPa. It can be observed that the 
maximum temperature increase for the case of reference specimen which is mainly due to the 
viscoelasticity of matrix was 4 oC. However, for the case of defective specimen, the temperature 
increase which is mainly due to damage from the gap was about 12 oC. This might indicate that 
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 Cross-ply laminates 
Reference and defective cross-ply laminates were initially tested quasi-statically to 
determine the ultimate tensile strength. It was found that the average tensile strength for the 
reference cross-ply specimens was 1310 MPa. For the case of defective specimen containing gap 
in the middle 0o layer the static strength was 1150 MPa. So, the reduction in the static strength in 
this case is 12%.  
Following the quasi-static tests, both types of specimens, reference and defective, were 
fatigue tested at four selected stress levels with five replicates at each stress. The obtained data in 
terms of the fatigue life was plotted against the maximum applied stress and then it was fitted to 
regression lines using least square method. Figure 3-17 shows the fatigue lives obtained at different 
stresses for cross-ply laminates. Figure 3-18 shows the developed S/N curves for the reference and 
the defective cross-ply laminates based on 0.95 confidence level. 

























Figure 3-18: Stress/life curves for cross-ply reference and defective specimens with gaps 
in 0o layer at 0.95 confidence level 
Figure 3-18 shows the same behavior as in the case for unidirectional laminates. As a result 
of gap, there is a reduction in the fatigue life and this reduction depends on the applied stress. At 
high applied stress the reduction is high and as a result of the convergence of the two S/N curves 
the reduction decreases with decreasing the applied stress.  
Moreover, there were two observations regarding the behavior of the cross-ply laminates 
under fatigue loading from Figure 3-18. The first observation is about data scattering. Compared 
to the case of unidirectional laminates shown in Figure 3-7, the scattering in the fatigue life 
obtained at each stress is high in case of cross-ply laminates and this can be indicated by the wide 
range of the fatigue life intervals between the extreme values at each stress level. The main reason 
for the scattering difference is the damage mechanisms [80]. For cross-ply laminates, one of the 
dominant damage mechanisms is matrix cracking especially in the off-axis layers (90o layers for 
the case of cross-ply) which can help initiating delamination or fiber/matrix debonding that can 
accelerate final failure process. These matrix cracks are greatly affected by the existence of resin 
rich areas and manufacturing flaws in the laminates. Since the distribution and intensity of those 
y = -35.697x + 1343.6


























flaws are random for each specimen then the scattering range will be larger for this type of 
laminates. 
The second observation is the decrease in the fatigue sensitivity for the case of cross-ply 
laminates which can be indicated by the decrease in the slope of the S/N curves for these laminates. 
The decrease in the slope of the cross-ply laminates was 55-70% compared to the unidirectional 
laminates. This means that the existence of the 90o layers in the laminates improves the fatigue 
behavior and helps the laminate to perform better although they do not help in carrying the load. 
A possible explanation is that in case of unidirectional laminates one of the mechanisms that occurs 
during loading is the splits (longitudinal cracks between fibers in 0o layers) which reduces the 
ability of transferring the load between fibers. The existence of 90o layers in between the 0o layers 
helps in holding the fibers in 0o layers together in the transverse direction and reduces the 
probability of splitting occurrence. Also, the existence of more damage mechanisms in case of 
cross-ply laminates such as matrix cracks and delamination between 0o and 90o layers might help 
in relieving the stress and improving the behavior [81]. In addition, it was also found in reference 
[82] that the fatigue sensitivity decreases by increasing the number of 90o layers in the laminates. 
As mentioned previously, the fatigue tests were terminated at 106 cycles which for instance 
correspond to 1120 MPa for the reference cross-ply specimens and 1060 MPa for the defective 
cross-ply specimens. However, it was required to get the reduction in fatigue life at lower stresses 
in order to get the stress value at which the S/N curves for reference and defective specimens 
intersect with each other. This represents the value of stress at which the gap has no effect on the 
fatigue life of the specimens, threshold stress. So, the number of cycles to failure at lower stresses 
for all types of laminates were determined by extrapolating the data based on the linear fitting 
curves obtained from the performed experimental data.  
Figure 3-19 shows the reduction in fatigue life for cross-ply defective specimens at different 
applied stress levels. The reduction curve was obtained from the regression fitting lines of the S/N 
curves for the reference and defective cross-ply specimens shown in Figure 3-18. It can be 
observed that at high stresses (1020 MPa), the reduction in the fatigue life is high (0.93) and it 
decays by decreasing the applied stress during fatigue cycles because of the convergence of the 




types have the same life and hence no reduction in fatigue life at this point occurs. The value of 
the stress corresponding to the intersection of the two S/N curves for the cross-ply laminates, 
threshold stress, was 983 MPa. 
  
Figure 3-19: Reduction in fatigue life for defective cross-ply laminate 
Figure 3-20 shows the developed S/N curves for cross-ply laminates, reference and 
defective, at three different probabilities of failure (POF): 0.95, 0.5 and 0.05. The same behavior 
can be observed at all POF. There is a great difference between the two S/N curves at high 
stresses and this difference decreases by reducing the stress since the two curves converge 


























Figure 3-20: S/N curves for reference and defective cross-ply specimens at different 
probabilities of failure 
Damage mechanisms and IR thermography 
The damage sequence in the case of cross-ply laminates started with some failure of weak 
fibers in the laminates in the 0o layers. Matrix cracks occurred at the early beginning of the 
fatigue life and these cracks increased in density upon increasing the fatigue cycles. Splits also 
occur in 0o layers which might initiate from resin rich areas in the laminates or from the gap 
location in the defective specimen. Final failure occurred when the strength of the fibers in the 
0o layers degrades to a critical value and could not withstand more fatigue cycles. Delamination 
was also observed at the interface of the 0o/90o layers. Figure 3-21 shows a cross-ply laminate 
after failure indicating different damage mechanisms occurrence: delamination, transverse 
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Figure 3-21: Cross-ply laminate after final failure 
A few cross-ply laminates were cut prior to failure to inspect the occurrence of internal 
damage mechanisms as shown in Figure 3-22. Delamination was observed at the interface of the 
defective 0o layer and upper/lower 0o layers which is similar to the case of the unidirectional 
laminates. The major difference between the unidirectional and the cross-ply laminates is the 
occurrence of some transverse cracks growing from the delamination from the gap to the interface 
of the 0o/90o layers. The propagation of these cracks in the 0o layers negatively affects their 
performance and reduces their capability of carrying load which consequently might accelerate the 
fiber failure process.  
Figure 3-23 shows few thermal images captured at different ratios of number of cycles to 
failure at maximum applied stress of 1100 MPa during fatigue loading of cross-ply laminates. 
Initially, the surface temperature was uniform then by increasing the number of cycles the 
temperature started to increase at the middle of the specimen due to damage initiation and 







Figure 3-22: Microscopic image at X=6.5 mm from the gap center showing internal damage 
mechanisms in cross-ply laminate 
 
 Figure 3-23: Damage detection in cross-ply laminates using IR thermography 
An interesting observation could be made by comparing the shape of the high temperature 
area due to damage in both unidirectional and cross-ply laminates. As shown in Figure 3-24, for 
unidirectional laminates, the profile of the high temperature area is close to an elliptical shape. 
However for cross-ply laminates, it is close to a circular shape. Carbon fibers have high thermal 
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propagation of heat in the longitudinal direction for unidirectional specimens. For cross-ply 
laminates as a result of the existence of fiber in both longitudinal and transverse directions, the 
heat can easily propagate in both directions which creates almost circular-shaped high temperature 
area. Also, this might be attributed to more distributed damage in case of cross ply laminates 
compared to unidirectional ones. 
 
Figure 3-24: Shape of high temperature area in (a) unidirectional and (b) cross-ply laminates. 
 
Figure 3-25 represents the temperature increase with number of cycles for defective cross-
ply laminates. At high stresses, 1120 MPa, the temperature continued to increase up to complete 
failure of the specimen. It can be observed that at lower stresses, 1080 MPa, the temperature started 
to increase by high rate as a result of damage process and the rubbing of surfaces created by 
delamination. By increasing the number of cycles, more energy is dissipated to the surrounding. 
Then, when the damage reaches saturation, the amount of heat generated from the material 
becomes constant and the specimen reaches equilibrium between the generated heat and the 







Figure 3-25: Thermal behavior at different stresses for defective cross-ply laminates 
 
  Quasi-isotropic laminates 
Reference and defective quasi-isotropic laminates were initially tested quasi-statically to 
determine the ultimate tensile strength. It was found that the average static strength for the 
reference quasi-isotropic specimens was 1070 MPa while for the case of defective specimen 
containing gap in the middle 0o layer the average static strength was 880 MPa. The reduction in 
the static strength in this case was 18%.  
Reference and defective specimens were fatigue tested up to final failure or reaching 106 
cycles. The specimens were subjected to different stress levels and five specimens were tested at 
each stress level. The obtained fatigue lives at each stress level were plotted against the maximum 
applied stress in the fatigue cycle. Figure 3-26 shows the fatigue lives obtained at different stresses 
for quasi-isotropic laminates. Figure 3-27 shows the developed S/N curves for the reference and 



















 Figure 3-26: Fatigue lives at each stress for cross-ply reference and defective specimens 
 
Figure 3-27: Stress/life curves for quasi-isotropic reference and defective laminates with 
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In the case of quasi-isotropic laminates, the decrease in the fatigue sensitivity which can be 
indicated by the decrease in the slope of the S/N curve was 25-33% compared to the case of 
unidirectional laminates. This improvement can be attributed to the existence of 90o layers in the 
laminates that positively affects the fatigue performance as explained in the cross-ply case. Also, 
this improvement was less than the case of cross-ply. A possible explanation is the variation of the 
number of 90o layers since in case of cross-ply laminates, four 90o layers were used while in the 
case of quasi-isotropic laminates only two 90o layers were used. Figure 3-28 shows the fitted S/N 
curves for reference laminate with different stacking sequences in order to show the variation in 
the slope. 
 
Figure 3-28: Fitted lines of S/N relation for different stacking sequences of reference 
laminates. 
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The previously observed behavior of the defective unidirectional and cross-ply laminates 
was also observed for the quasi-isotropic case. At high applied stresses the reduction in the fatigue 
life is high and it decreases by decreasing the applied stress. The run-out stresses that correspond 
to 106 cycles during fatigue tests were 700 MPa for the reference laminates and 650 MPa for the 
defective specimens. By extrapolating the S/N curves based on linear fitting curves, the reduction 
in fatigue life for quasi-isotropic defective laminates at lower stresses can be determined. 
 
Figure 3-29: Reduction in fatigue life for defective quasi-isotropic laminate 
Figure 3-29 shows the reduction in fatigue life at different applied stress for quasi-isotropic 
laminates. From the reduction curve of quasi-isotropic laminates in this figure, at 700 MPa the 
reduction in the fatigue life is 0.9 while at 580 MPa the reduction is 0.2. At the point of the 
intersection of the two S/N curves both types have the same life and hence no reduction at this 
point occurs. The value of the stress corresponds to the intersection of the two S/N curve, threshold 
stress, was 565 MPa. 
Figure 3-30 shows the developed S/N curves for quasi-isotropic laminates, reference and 
























observed at all POF.  There is a great difference between the two S/N curves at high stresses and 
this difference relatively decreases by reducing the stress since the two S/N curves converge to 
each other.  
The damage mechanisms in case of quasi-isotropic laminates consist of: matrix cracks in the 
off axis layers (45o, -45o and 90o layers) which occur early in the fatigue life, delamination at the 
interfaces between layers with different orientations (90o/45o and 45o/-45o) and fiber breakage at 
the end of the fatigue life which is followed by catastrophic failure. Figure 3-31 shows a quasi-
isotropic laminate after failure indicating different damage occurrence: delamination, matrix 
cracks in 90o and 45o layers and fiber breakage. 
 
Figure 3-30: S/N curves for reference and defective quasi-isotropic laminates at different 
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Figure 3-31: Different damage mechanisms after failure of quasi-isotropic specimen. 
 
A few quasi-isotropic laminates were cut prior to failure to inspect the occurrence of internal 
damage mechanisms as shown in Figure 3-32. Delamination was observed at the interface of the 
defective 0o layer and upper/lower 0o layers which is similar to the case of the unidirectional and 
cross-ply laminates due to the transfer of load from the defective tow to the adjacent tows. 
Transverse cracks that grow from the delamination due to gap to the interface of 0o/-45o layers can 
be observed. The propagation of these cracks through the 0o layers affects its ability for carrying 
the load and accelerates the fiber failure. 
Figure 3-33 shows thermal images captured at different ratios of number of cycles to failure 
at maximum applied stress of 700 MPa during fatigue loading of quasi-isotropic laminates. 
Initially, the surface temperature was uniform then by increasing the number of cycles the 
temperature started to increase at the middle of the specimen due to damage initiation and 













Figure 3-32: Microscopic image at X=6.5mm from the gap center showing internal 
damage mechanisms in quasi-isotropic laminate 
 
 








Figure 3-34: Temperature increase at different stresses for defective quasi-isotropic 
laminates 
 
Figure 3-34 shows the temperature increase with number of cycles for defective quasi-
isotropic laminates. At high stresses, 800 MPa, the temperature continued to increase up to 
complete failure of the specimen. It can be observed that at lower stresses, 700 MPa, the 
temperature started to increase by high rate as a result of damage process and the rubbing of 
surfaces created by delamination. By increasing the number of cycles it reaches the temperature 
plateau up to final failure due to the equilibrium between heat generation and heat dissipation 




















 Damage mechanisms due to gaps in 0o layer 
This sub-section aims at investigating and understanding the damage behavior of different 
stacking sequences containing a gap in 0o layers. This could help proposing some 
recommendations that could be helpful in designing laminates manufactured by AFP.  
Cross-ply laminates 
It was mentioned previously that for the case of cross-ply laminates, in addition to the 
delamination that occurs at the gap location, there exist some transverse cracks that propagate from 
the delamination to the nearest interface of 0o/90o layers. It was believed that these cracks affect 
the performance of the laminate. 
In order to investigate the effect of these transverse cracks on the cross-ply laminates, three 
different types of cross-ply laminates were manufactured and tested. For the three laminates, it 
was required to keep the same number of 0o and 90o layers to avoid any effect of changing 
thickness. Three stacking sequences were selected using five 0o layers and four 90o layers in order 
to create the first interface, which is closest to the gap, at different distances from the gap. In all of 
these configurations, the gap was located in the middle 0o layer as shown in Figure 3-35. The three 
stacking sequences were:  
1- (90/90/0/0/0*/0/0/90/90) with two 0o layers separating the gap from the 0o/90o interface. 
2-  (90/0/90/0/0*/0/90/0/90) with one 0o layer separating the gap from the 0o/90o interface. 







Figure 3-35: Different types of cross-ply laminates used to investigate the effect of the 0o/90o 
interface 
 









Figure 3-36: Damage mechanisms for different types of cross-ply laminates after 100 000 cycles 
 
Figure 3-36 shows microscopic images for the three tested stacking sequences illustrating 
the different damage mechanisms occurred within the laminates at a distance X = 5 mm from the 
gap. In the figure, the middle defective 0o layer is denoted by (*). Also, the interfaces of 0o/90o 
layers are denoted by a letter (I) associated with a number indicating the order of the interface 
based on the distance between the defective layer and the interface. For instance, the symbol (I1) 
refers to the first interface of 0o/90o across the thickness from the defective (middle) layer, (I2) 
refers to the second interface of 0o/90o from the defective layer and (I3) refers to the third interface 
of 0o/90o from the defective layer. Also, for ease of identifying the layers in the laminates, layers 
numbering from 0 to 5 was used as shown in Figure 3-37. 
(b) Type (2) 









Figure 3-37:  Numbering code for different layers in the laminate 
In order to understand the behavior of different stacking sequences, Figure 3-38 is presented. 
We considered a 3D defect in the material represented by volume 1 in Figure 3-38. In addition 
volume 2’ and volume 2’’ represent volumes of intact material adjacent to the 3D defect (volume 
1). If it was assumed that the defective material (volume 1) has a very low strength, since it 
represents a gap, then the generated stress on the faces of volume 1, when the material is under 
stress, will be very small. For instance, the generated stress ߪ௫ on the face BGHC is low. As a 
result of stress distribution in the material between defective and intact regions, high stress ߪ௫ will 
be generated on the faces B’G’H’C’ and B”G”H”C” which are adjacent to the face BGHC. The 
same scenario can be applied to the faces normal to Y-direction. High stresses ߪ௬ will be generated 
on the faces A’B’C’D’ and A”B”C”D” which are adjacent to the face ABCD of the defective 
volume. This can reveal that as a result of the existence of a 3D defect in the material, high state 





Figure 3-38: Volumes representing the 3D defect and the surrounding intact material 
 
For type (1) in Figure 3-36 (a): it was found that delamination (A1) occurred at the interface 
of the middle (fifth) defective 0o layer (layer 0) and the adjacent 0o layers (layer 1). As a result of 
the gap (3D defect), the stresses (σ୶ and σ୷) in layer 1 are high. Since layer 1 is a 0
o layer and has 
weak properties along y-direction, so as a result of the high ߪ௬, transverse cracks (B1) occurred in 
layer 1. These occurred cracks (B1) keep propagating till reaching layer 2. Since layer 2 is also of 
the same orientation as layer 1, the same cracks continue through layer 2 till reaching the interface 
(I1) between layers 2 and 3. This means that in addition to the defective 0o layer, four extra 0o 
layers (layers 1 and layers 2) were affected by the occurrence of these transverse cracks. As such, 
in total five 0o layers became no more intact as a result of the gap. 
For type (2) in Figure 3-36 (b): delamination (A2) occurred at the interface of the middle 
(fifth) defective 0o layer (layer 0) and the adjacent 0o layers (layer 1). As a result of the gap (3D 
defect), the stresses (σ୶ and σ୷) in layer 1 are high. Since layer 1 is a 0
o layer and has weak 
properties along y-direction, as a result of the high ߪ௬, transverse cracks (B2) occurred in layer 1. 
These cracks (B2) keep propagating till reaching the interface (I1) between layer 1 and layer 2.  
Since layer 2 is at a direction normal to the crack, layer 2 will constrain this crack without further 




only two extra 0o layers (layers 1) were affected by the occurrence of these transverse cracks. As 
such, in total three 0o layers became no more intact as a result of the gap.  
For type (3) in Figure 3-36 (c): As a result of the gap (3D defect), the stresses (σ୶ and σ୷) 
in layer 1 are high. Since layer 1 is 90o layer and has weak properties along x-direction, so as a 
result of the high ߪ௫, transverse matrix cracks occurred in layer 1. The matrix cracks cause the 
occurrence of delamination (A3). As a result of this delamination, layer 2 becomes no longer 
supported by the adjacent layers (layer 0 and layer 1) which weakens that layer (layer 2) and causes 
the occurrence of some transverse cracks (B3) propagated through the layer. Since layer 3 is also 
of the same orientation as layer 2, the same cracks continue through layer 3 till reaching the other 
interfaces (I3). This means that in addition to the defective 0o layer in the middle of the laminate 
(layer 0), four extra 0o layers (layers 2 and layers 3) were affected by the occurrence of these 
transverse cracks which negatively affects the performance of the whole laminate. Also, some 
small delaminations were observed at the interfaces (I1) and (I3) but they were not as severe as 
the delamination (A3) at the interface (I2). As such, in total five 0o layers became no more intact 
as a result of the gap. 
So it can be concluded that due to the gap, the stresses are always high in the adjacent layers 
which helps in creating damage at those adjacent layers. For cross-ply laminates, the effect of the 
gap is not localized at the location of the gap, however, cracks propagate transversely across the 
thickness through the 0o layers. The subsequent results are that more 0o layers are affected. 
Although, initially there are some intact 0o layers in the laminate, but as result of the transverse 
cracks they no longer remian intact.  
In order to investigate the effect of these transverse cracks on the tensile strength of the 
laminate, the different types of cross-ply laminates were subjected to quasi-static tensile testing. It 
was found that the average tensile strength for type (1) was 1060 MPa, type (2) was 1150 MPa and 
for type (3) was 1070 MPa. These obtained results were in good agreement with the observations 
found in the microscopic images shown in Figure 3-36. Although the shown microscopic images 




testing results. This might indicate that the observed damage mechanisms are also dominant in 
case of static loading and affect the failure stress. 
Type (2) was less affected by the gap and the consequent occurred damage mechanisms 
compared to the other types. The existence of the 90o layers at a distance of one layer away from 
the gap blocked the propagation of the transverse cracks (B2) which protected the outer 0o layers. 
Hence these outer 0o layers were not affected by the gap which consequently helped the laminate 
to carry more load. Both types (1) and (3) are severely affected by the gap because all the 0o layers 
were affected by the transverse cracks (B1 and B3). This makes the static tensile strengths for the 
types (1) and (3) are almost the same which is 8% lower than the strength of type (2). This approach 
helped in reducing the negative influence of the cracks arising from the delamination.  
By comparing the damage behavior in the case of defective unidirectional, shown previously 
in Figure 3-12, and cross-ply laminates shown in Figure 3-36, it can be concluded that for the case 
of unidirectional laminates, the damage is localized at the interface of the defective layer and the 
adjacent layers. However, for cross-ply laminates, the damage is no more confined at the interface 
because of the occurrence of transverse cracks propagating for the delamination at the interface. 
The transverse cracks occur when two conditions are satisfied (a) delamination at the interface of 
0o layer due to gap and (b) interface of 0o/90o or 0o/45o close to the delamination due to the gap 
which creates high stresses at that location. Consequently, transverse cracks occur to link the two 
damage areas together.  
To sum, it can be concluded that the occurrence of delamination at the interface of the intact 
(undefective) 0o layers is critical. This is not only because of the lack of load transfer between the 
delaminated layers but also because of the transverse cracks that propagate through the thickness 
of 0o layers between the delaminations created by the gap and the 0o/90o interface, as illustrated in 
Figure 3-36. As mentioned previously, these transverse cracks have a severe effect on the integrity 
of the 0o layers and their ability in carrying the load. So, another approach to avoid the negative 
effect of these transverse cracks is to prevent the occurrence of delamination due to gap at the 






In the previous paragraphs, it was shown that putting 0o layers at the location of layer 1 
adjacent to the defective layer causes the delamination to occur at the interface of the defective 
and the adjacent 0o layers, between layer 0 and layer 1, as shown in all cases of unidirectional, 
cross-ply (types (1) and (2)) and quasi-isotropic laminates as shown in Figure 3-12, Figure 3-22, 
Figure 3-32 and Figure 3-36. 
In addition, putting 90o layers at the location of layer 1 adjacent to the defective layer causes 
the delamination to occur at the interface of the 90o layer and the next 0o layer, between layer 1 
and layer 2, as shown in cross-ply laminates of type (3), Figure 3-36. 
As a result, it was expected that putting ±45o layers at layers 1 and 2 adjacent to the defective 
layer might help controlling the delamination. Hence, a quasi-isotropic laminate with ±45o layers 
adjacent to the middle defective layer was tested and the laminate was inspected using microscopic 
imaging to check the interior damage mechanisms. Figure 3-39 (a) shows the images for quasi-
isotropic laminate of type (1) with ±45o layers adjacent to the middle defective 0o layer in addition 
to the original quasi-isotropic laminate of type (2), Figure 3-39 (b), that was tested previously in 
the study with 0o layers surrounding the middle defective 0o layer. 
 
 





Figure 3-39: Microscopic images for (a) proposed and (b) original quasi-isotropic 
configurations at X=6.5 mm from gap center. 
It can be observed that although both types of quasi-isotropic laminates consist of the same 
number of 0o, 90o and ±45o layers but it is clear that no delamination occurred at the interface of 
the intact 0o layers, layer 3, in the case of type (1) in which ±45o layers were put adjacent to the 
middle defective layer as shown in Figure 3-39 (a). Although some small delaminations were 
observed in few specimens at the interface of 45o and -45o layers, but these delaminations do not 
have a severe effect because:  
(1) They did not occur at the interface of the intact 0o layers and hence they did not affect the 
integrity of those main load-carrying layers. 
(2) The severe effect of the delamination at the interface of a 0o layer comes from the transverse 
cracks that propagate from that delamination through the thickness of the layer. However, 
the occurrence of the delamination at the interface of 90o or ±45o layers does not have a 
severe effect because these layers already contain transverse matrix cracks because of their 
orientation with respect to loading direction. 
However, in the case of quasi-isotropic laminates of type (2), a severe delamination occurred 
at the interface of the defective layer and the intact adjacent 0o layer, layer 1, as shown in 
Figure 3-39 (b). 
The explanation of this observed behavior is that the main reason of the delamination 
occurrence is the transferring of load from the defective layer to the adjacent layers. The transfer 




of high amount of load generates high interlaminar stresses that initiate delamination at the 
interface. 
In the case of quasi-isotropic laminate of type (2) shown in Figure 3-39 (b), as a result of 
tow cut in the middle 0o layer, high amount of load was transferred to the adjacent 0o tows which 
has a high strength in loading direction. As a result of transferring this high load, high interlaminar 
stress was generated at the interface causing delamination occurrence.  
However, for the case of quasi-isotropic laminate of type (1) shown in Figure 3-39 (a), the 
±45o layers have some strength in loading direction. When they were put adjacent to the defective 
0o layer, they can carry some of the transferred load relative to their stiffness and passed the 
remaining part of load to the following intact 0o layers. The interlaminar stresses generated in this 
case at the interface of this intact 0o layer, layer 3, were not enough to generate delamination at 
interface of this layer. This provides a method that can be used to control the occurrence of the 
delamination at the interface of the intact 0o layers.  
In addition, both types of quasi-isotropic laminates were subjected to quasi-static tensile test 
to determine the static strength. The average tensile strength of three tested specimens of type 1 
and three of type 2 was 940 MPa and 880 MPa, respectively. This indicates an increase in the 
tensile strength of 8% of quasi-isotropic laminate of type 1 compared to that of type 2.  
It can be concluded that adding ±45o layers in contact with the defective 0o layers helps in 
gradual transition of load from the defective to the adjacent layers as a result of the contribution 
of the ±45o layers in carrying the load from the defective layer. This reduces the generated 
interlaminar stresses and controls the occurrence of the delamination especially at the interface of 
0o layers which eventually improved the performance of the laminate. 
The conclusions of the aforementioned discussion can be summarized as follows: 
1- The static strength of the laminate depends on the number of the intact 0o layers. 
2- Existence of 90o layers at one layer away of the defective layers blocks the propagation 
of the transvers cracks and helps protecting the outer 0o layers which alleviate the effect 




3- For quasi-isotropic laminates, the existence of ±45o layers adjacent to the defective layers 
helps in gradual transition of load from the defective 0o layers to the adjacent layers and 
prevents the occurrence of delamination at the interface of 0o layers. This will keep the 
0o layers intact which improves the performance of the laminate. 
 
 Effect of gap shape 
In this section, the results of the fatigue tests of unidirectional laminates with triangular gaps 
will be presented and compared to the results of the previously tested rectangular gaps. The 
purpose of these tests is to check the validity of assuming the shape of the gap to be rectangular 
instead of triangular which happens during real manufacturing. 
Defective specimens containing triangular gaps with different aspect ratio (a), the ratio 
between the two sides of the triangular gap, were fatigue tested. Three aspect ratios were selected: 
(1) a = 1. The two sides of the triangular gap equal to 6 mm and this case represents the same 
area of the gap as in the case of the rectangular gap (6 mm x 3 mm). 
(2) a = 2. The lengths of the sides are 6 and 12 mm. 
(3) a = 3. The lengths of the sides are 6 and 18 mm.  
Two stress levels, 1850 and 1800 MPa, were selected and 5 specimens were fatigue tested 
at each one up to final failure. These two stress levels were selected because they are high stress 
levels and the effect of the gap is more evident at high stresses compared to lower ones. The 
columns in Figure 3-40 show the number of cycle to failure for the different gap configurations 
normalized to the number of cycles to failure of the reference laminates at the same stress level. 
This normalizing gives an indication on the effect of gap shape on the reduction in life. It can be 
observed that the scattering in the failure cycles is larger in case of 1800 MPa compared to the 
case of 1850 MPa. A possible reason for this is that the two sets of samples were cut from two 




By comparing the results of the rectangular gaps and the triangular ones with a =1, both have 
the same area, it can be observed that the difference in the normalized fatigue life between the two 
cases is very small, 4% in case of 1850 MPa and less than 1% in case of 1800 MPa. On the other 
hand the average difference in the normalized fatigue life between the reference and defective 
specimens is 70% for 1850 MPa and 58% for1800 MPa. This means that the difference in the 
fatigue life between a specimen containing a rectangular gap and another specimen containing a 
triangular gap with the same area is very small with respect to the difference between the reference 
and defective specimen.  As a result, it can be concluded that the effect of changing the shape of 
the gap on the fatigue behavior can be neglected compared to the effect of the gap itself. 
Also, by comparing the triangular gaps of different aspect ratios with each other, it can be 
observed that the difference in fatigue life is very small compared to the difference between the 
reference and defective ones. For instance, in case of 1850 MPa, the maximum difference in the 
fatigue life in case of triangular gaps with different aspect ratios was 8% which can be neglected 
compared to the average 70% reduction in life of defective specimen compared to the reference. 
So, it can be concluded that the effect of changing the size of the gap can be neglected compared 
to the effect of the gap itself. A possible explanation for this is that as a result of tow cuts, 
delamination occurred at the edge of the gap regardless of the shape or the size of the formulated 
gap. The occurrence of the delamination causes a lack of load transfer between layers which in 



































































































































Figure 3-41 shows the surface temperature increase in the middle of the specimen as a result 
of damage development process for three gap configurations. It can be observed that the thermal 
plots are almost the same which indicates that the damage behavior is also the same.  
In light of the previously discussed results, it can be concluded that the effect of changing 
the shape or the size of the gap is less important, and can be neglected, compared to the effect of 
inserting the gap itself. Hence, using the rectangular gaps instead of the triangular ones is valid 
with the advantage of more simplicity and automation in manufacturing process.  
 
 Effect of gap orientation 
In this section, the effect of creating the gaps in layers other than 0o layers will be discussed. 
First, the results of inserting the gaps in 90o layer for cross-ply laminate will be presented followed 
by the results of creating the gap in -45o layer for quasi-isotropic laminate. For each gap 
orientation, the fatigue results will be compared to the reference specimens to figure out the effect 
of changing the gap orientation.  
Cross-ply laminates (90/0/90*/0/0/0/90/0/90) with a gap in 90o layer were first subjected to 
quasi-static tensile test to get the tensile strength. The average tensile strength was found to be 
1308 MPa, with a standard deviation of 32 MPa, which was almost the same as the reference 
laminates without any gaps, 1310 MPa, with a standard deviation of 40 MPa. So, the gaps in 90o 
layers have no effect on the tensile static properties of the defective AFP laminates. 
Following the static tests, fatigue tests were performed on the cross-ply specimens with gaps 
in 90o layers up to final failure. Three stress levels were selected and five specimens were tested 
at each level. The obtained fatigue data was fitted to linear curve to get the S/N curve. Figure 3-42 
shows the mean value and the variation in the fatigue life at the selected three stress levels for both 
reference and defective specimens. The S/N curves for the defective specimens were plotted for 




on the fatigue performance since the scattering intervals of the number of cycles to failure for both 
reference and defective specimens are overlapping and the S/N curve for the reference specimens 
falls in between the boundaries of the fatigue lives of defective specimens which are at POF of 
0.05 and 0.95. 
 In cross-ply laminates, most of the load is carried by 0o layers and very small amount is 
carried by 90o layers as a result of the low stiffness of 90o layers transverse to fiber direction. So, 
creating a defect in a layer that is not subjected to high stress will not have much effect neither on 
the tensile strength nor the fatigue behavior. 
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Some specimens were fatigue tested and the tests were terminated prior to failure to be used 
for inspecting the occurrence of different damage mechanisms within the laminate. Figure 3-43 
shows a microscopic image for a section cut at distance of 7 mm along the width from the gap 
center. Only some matrix cracks can be observed in the 90o layers without any delamination 
occurrence ahead of the gap contrary to the case of gaps in 0o for different stacking sequences. The 
reason of delamination occurrence is the out-of-plane stresses that are generated due to stress 
transfer from the defective layer to the adjacent layers. In this case, since the defective 90o layer is 
subjected to low stresses then transferring these low stresses will not generate enough interlaminar 
stresses to initiate delamination at the interface.  
 
 
Figure 3-43: Microscopic image at Y=7 mm from the gap center in cross-ply laminate with 
gap in 90o layer 
 
Based on the previously discussed result, it can be concluded that the created gaps in 90o 
layers do not affect the behavior of the laminate during static or fatigue tests. 
Quasi-isotropic laminates (90/45/-45*/0/0/0/-45/45/90) with gap in -45o layer were initially 
subjected to tensile tests to get the tensile strength. It was found that the average tensile strength 
was 960 MPa with a deviation of 20 MPa. The reduction in the tensile strength was 10% compared 
to the reference laminates. This value is in between the strength of the reference laminates, 1170 
MPa with a standard deviation of 24 MPa, and that of the laminate containing a gap in 0o layers, 






Fatigue tests were performed on the laminates at three stress levels and five specimens were 
tested at each one. Figure 3-44 shows the average number of cycles to failure at each stress level 
and the variation at 0.95 confidence level. The data was fitted to develop the S/N curve and in 
addition the S/N curves for the reference (90/45/-45/0/0/0/-45/45/90) and quasi-isotropic laminates 
with gap in 0o layer (90/45/-45/0/0*/0/-45/45/90) were presented for the purpose of comparison 
between different gap orientations of quasi-isotropic laminates. 
 
 
Figure 3-44: Stress/life curves for quasi-isotropic reference and defective laminates. 
 
Similar to the case of static tensile testing, the average fatigue lives of specimens with gap 
in -45o layer fall in between that of the specimens without gaps and specimens with gaps in 0o 
layers. In quasi-isotropic laminates, the 45o layers carry less load compared to the load carried by 




























intact tows. This load transfer process will cause the stresses in the intact tows to increase which 
will eventually help in failure initiation. When the layer is inclined to loading direction, it carries 
less load than if it was oriented in loading direction. Consequently, the effect of redistribution of 
small amount of stress from an inclined layer such as the case of tow cut in 45o layer will be less 




Figure 3-45: Reduction in fatigue life of defective quasi-isotropic specimens with 
different gap orientation 
 
Figure 3-45 shows the reduction in fatigue life curves for quasi-isotropic laminates with cuts 




























45*/0/0/0/-45/45/90). It shows also that at the same applied stress level the reduction in fatigue life 
is less in case of gaps in -45o layers with respect to gaps in 0o layers. The value of the stress 
corresponds to the intersection of the two S/N curve of the one with gap in -45 layers, threshold 
stress, was 590 MPa compared to 560 MPa for laminates with gap in 0o layers. 
Figure 3-46 shows a microscopic image for a section cut parallel to fibers in 45o layer. The 
section was cut at a distance of 10 mm from the gap center along 45o direction. The right and left 
boundaries of the gap are shown in the figure by dashed lines. It can be observed that no 
delamination occurred at the interface of the -45o layer, defective layer, and the adjacent 0o layer. 
As mentioned previously, delamination occurred as a result of high interlaminar stresses 
generated due to the transfer of high amount of load from a defective layer and the adjacent one. 
Since in this case, the tow was cut in an inclined layer, -45o layer, then the amount of load to be 
transferred to the adjacent 0o layer was not high enough to generate high interlaminar stresses that 
could initiate delamination at the interface of the defective -45o layer and the 0o layer.  
 
Figure 3-46: Microscopic image of a section cut parallel to 45o layer in quasi-isotropic 
laminate with gap in -45o layer. 
 
 Effect of number of gaps 
So far, the fatigue behavior of manufactured laminates with one gap was discussed. 
Hereafter, the results of fatigue testing of unidirectional laminates containing 2 gaps will be 
presented in order to investigate the effect of increasing the number of gaps in the laminate. The 
case of unidirectional laminate was selected to avoid any complexity in the damage behavior that 




different layers. As mentioned previously, the number of gaps was increased in two directions: in-
plane direction and out-of- plane direction.  
 In-plane adding of gaps 
Two gaps were inserted in the same layer of a unidirectional laminate (0/0/0/0/0**/0/0/0/0) 
to represent increasing the number of gap in the in-plane direction. The gaps were created with 3 
and 10 mm separating distances between centers along the length of the specimens while being in 
two adjacent tows in the same layer as shown previously in Figure 2-12. The two types of laminates 
were fatigue tested at 3 stress levels and 5 specimens were tested at each in addition to the run out 
stress level. Those selected stress level were common between the defective laminates, with one 
or two gaps, and the reference laminates. Figure 3-47 shows the average fatigue lives and the 
corresponding scattering intervals at each stress level for a confidence level of 0.95. The data was 
fitted to linear curves to develop the S/N curves based on least square method. It can be observed 
that there was a little improvement in the fatigue life for the specimens with 10 mm separating 





Figure 3-47: Stress/life curves for unidirectional reference and defective laminates with two 
in-plane gaps at different distances 
 
For a specimen with two gaps separated with any distance, at each gap, delamination initiates 
at the interface between the defective 0o layer and the adjacent layers. By increasing the number 
of cycles, the two occurred delaminations propagate along the specimen length. During damage 
evolution process, the two delaminations propagate toward each other in the area between the two 
gaps till reaching the tip of each other and combine together which creates a critical cross section 
across the specimen’s width with large delamination size. The occurrence of this interaction or 
linking between the two damage areas helps accelerating the final failure process. 
Hence, by increasing the distance between the two gaps, the process of linking the two 


























scenario will occur when the two gaps are located at the edge of each other with a 3 mm separating 
distance between centers.  
 
 
Figure 3-48: Reduction in fatigue life of defective unidirectional laminates with two in-plane 
gaps at different distances 
 
Figure 3-48 shows the reduction of life curves at different applied stresses for the 
unidirectional defective laminates with two different separating distances. The stress value at 


































same, threshold stress, was 1610 MPa while for the case of laminate with 3 mm distance between 
2 gaps’ centers was 1570 MPa. 
In order to figure out the effect of the additional gap at 3 mm distance from center of the 
first gap, worst case, on reducing the threshold stress and compare it to the case of only one gap in 
the laminates, Figure 3-49 was presented. The vertical axis is the ratio between the threshold stress 
and the static strength of the reference laminate and the horizontal axis is the different laminate 
types. Since the reference laminate is free from gaps then the ratio equals to 1. 
Figure 3-49: Additional effect of one more gap in unidirectional laminate on threshold 
stress 
 
It can be observed that creating the first gap in the laminate causes a reduction in the 







































reduction of only 6 %. This means that for a unidirectional laminate, adding more gaps has a small 
effect on the threshold stress compared to the initial severe effect of creating the first gap. 
 
 Out-of-plane adding of gaps 
Two gaps were created in two adjacent layers in a unidirectional laminate 
(0/0/0/0*/0*/0/0/0/0) to represent increasing the number of gaps in out-of-plane direction. The 
laminates were manufactured using half tow staggering and full tow staggering techniques in order 
to investigate the effect of out-of-plane gaps while considering the effect of staggering as shown 
previously in Figure 2-13. The two types of laminates were fatigue tested at 3 stress levels and 5 
specimens were tested at each in addition to the run out stress level. Figure 3-50 shows the average 
obtained fatigue lives and the scattering intervals with a confidence level of 0.95. The data was 
fitted to linear curves to develop the S/N curves based on least square method. 
An improvement in the fatigue life of the laminates containing 2 out-of-plane gaps was 
observed by increasing the staggering distance since the number of cycles to failure of the 
specimens manufactured by full tow staggering technique was higher than that manufactured by 
half tow staggering technique at the same applied stress level. A possible explanation for  this is 
that in case of half tow staggering, there is an overlap between the gaps in the two adjacent layers 
which creates a critical weak spot at the overlap region compared to the case of no gaps 
overlapping. The stress redistribution process from these weak spots to the intact adjacent tows 
results in an increase in the stresses in the intact tows to values higher than the case of full tow 






Figure 3-50: Stress/life curves for unidirectional reference and defective laminates with 
two out-of-plane gaps at different distances 
Figure 3-51 Reduction in fatigue life of defective unidirectional laminates with two out-



















































From the reduction in fatigue life curves in Figure 3-51, the threshold stress for laminates 
with full tow staggering technique was 1480 MPa while for the laminates with half tow staggering 
was 1450 MPa. By comparing the threshold stress value for the laminate with one gap to that of 
two out-of-plane gaps with half tow staggering, worst case, it can be concluded that the additional 
reduction in the threshold stress due to the second out-of-plane gap was 10% which is small 
compared to the initial reduction of one gap, 31%. 
Based upon the results in the last two subsections, it can be concluded that the additional 
effect on the threshold stress values of adding more gaps is small compared to the severe effect of 
creating the first gap regardless the location, the same layer or different layers, or the configuration, 
half or full tow staggering, of the created gaps as shown in Figure 3-52. In this figure, for the case 
of reference laminate, since there are no gaps created in the laminate, then the threshold value was 
considered as the static strength value. 






























In light of the performed experiments in the current study it can be concluded that the 
existence of the induced gaps during AFP manufacturing affects the fatigue performance of the 
laminates. The effect of the gaps is more severe at high stresses and it decreases by decreasing the 
applied stress till reaching a threshold stress which can be defined as the stress value at which the 
fatigue life of both reference specimens, free from gaps, and the defective specimens are the same.  
Existence of 90o layers in cross-ply laminates causes the occurrence of transverse cracks that 
propagate through 0o layers from the delamination due to the gap to the interface of the 0o/90o 
layers. This severely affects the integrity of the main load carrying 0o layers. It was found from 
the performed experiments on different cross-ply laminates that the existence of 90o layer at one 
layer away from the gap location helps in blocking the transverse propagation of these cracks and 
protecting the outer 0o layers in the laminate which alleviates the effect of these cracks in the cross-
ply laminates. 
The existence of ±45o layers in contact with the defective 0o layers helps in gradual transition 
of load from the defective to the adjacent layers which reduces the generated interlaminar stresses 
and controls the occurrence of the delamination especially at the interface of 0o layers.  
The existence of gaps in 0o layers has the most severe effect compared to its presence in 90o 
or 45o layers. Also, the effect of changing the shape and the size of the gap was found to be small 
compared to the effect of inducing the gap in the laminate. 
The additional reduction in the threshold stress due to adding more gaps in the same layer 
or in different layers was small compared to the initial severe reduction due to creating the first 
gap in the laminate  
IR thermography was found to be a highly qualified method for detecting the non-uniformity 
in the laminates such as the existence of gaps generated during AFP manufacturing. Using the heat 
generation from the damage process inside the material, IR thermography provides a means for in-





Using microscopic inspection of specimens with different stacking sequences revealed that 
the main damage mechanism due to gap was delamination at the interface of the defective layer 
and the adjacent layers as a result of the load transfer from the cut tow to the adjacent tows. This 
generates interlaminar stresses that might initiate delamination at the interface.  
Finally, the threshold stress values determined for the different stacking sequences is very 
crucial for any designer. This value represents a limiting value since the maximum applied stress 
during fatigue loading should not exceed this value to avoid any effect of gaps on the fatigue life 
of the laminate. In order to determine these values for the laminates, large amount of specimens 
were tested for very long time. This process is very time and material consuming. This arises a 
question: is there any other method that can be used to determine the threshold values with saving 


















It was found from the previous chapter that there exists a threshold stress value below which 
the effect of gaps diminishes. The traditional method to evaluate this value is by conducting 
extensive fatigue tests which are very material and time consuming. The aim of this chapter is to 
use infrared thermography and apply Risitano method [83] on AFP laminates containing gaps to 
provide a quick method for obtaining the threshold value. This method has a great potential in 
saving time and material required for performing traditional fatigue tests to develop stress/life 
curves and obtain threshold stresses. To investigate the applicability of this technique to different 




laminates. The results of threshold stress evaluation using IR thermography were also compared 
to the results obtained using the traditional way. 
 Overview 
Some metals exhibit an endurance (fatigue) limit. It is useful for the designer to determine 
the stress value below which the structure is expected to have infinite life. The traditional way to 
determine this threshold is by conducting extensive fatigue tests using a large number of 
specimens. This method requires extensive testing time. 
Risitano [83, 84] proposed a method that can be used to determine the threshold stress, or 
fatigue limit, of metal using thermographic methodology. The basis of this method depends on the 
increase in the surface temperature of the material when subjected to fatigue stress higher than the 
threshold value. During the fatigue loading, when the number of cycles is increased, the 
temperature first increases till it reaches a stabilization temperature. This stabilization temperature 
depends on the applied load and it corresponds to the damage saturation in the laminate. It is higher 
for higher applied stress level. Then, the temperature remains constant till before final failure 
where there is another temperature increase. So, by running fatigue tests at different increasing 
stress levels and getting the temperature gradient till the stabilization temperature, a relation 
between temperature change and stresses values would be obtained from which the threshold value 
can be determined. The main advantage of this technique is to overcome the drawbacks of the 
traditional method in terms of long fatigue testing time and large number of specimens.  
In another method [85], the dissipation of energy from material when subjected to fatigue 
damage is used. According to Luong, the threshold stress of metals can be determined by 
measuring the energy dissipation from the material during cyclic loading. There is a bilinear curve 
representing the change in the dissipated energy with the stress levels. The intersection of the two 
linear portions gives the threshold stress.  
The aforementioned thermographic methods were initially developed for conventional 




mechanical behavior of basalt fiber reinforced composites under static and fatigue loading 
conditions. In addition, they used infrared thermography integrated with the two aforementioned 
methods to determine the fatigue limit of the used composite material. Also, Montesano et al. [64] 
used thermography with another composite material system, triaxially braided carbon/epoxy 
laminates, to obtain the fatigue limit of the material corresponding to 107 cycles, as shown in 
Figure 4-1, and validated the results with that obtained from the extended fatigue tests. Kordatos 
et al. [87] used the dissipation energy method with lock-in thermography to get the fatigue limit 
of both conventional, Aluminum grade 1050, and composite, ceramic matrix composite, materials.  
 
Figure 4-1: Relation between temperature change and applied stress for 
carbon/epoxy laminates [64] 
The obtained fatigue limits from the thermographic approaches were validated by 
performing long fatigue tests to develop the S/N curves for the tested materials and the fatigue 
limit was defined as the value of stress at which the specimen did not fail up to a predefined number 
of cycles (run-out cycles) which ranges between 106 and 107 cycles. Table 4-1 shows some studies 
that used IR thermography to get the fatigue limit for different materials and the number of cycles 





Table 4-1: Using of IR thermography for rapid determination of fatigue limit of several 
materials 
Authors Used Material number of cycles 
corresponds to fatigue 
limit from experiments 
Risitano  [83, 84] Steel 107 
Luong [85] Steel 107 
Cura [88] Steel 2x106 
Crupi [89] Welded steel joint 5x106 
Colombo [90] Glass/epoxy 5x106 
Colombo [86] Basalt fiber reinforced composites 5x106 
Guagliano et al. [91] Glass/epoxy 5x10
6 
Li [92] Aluminum 2x106 
Kordatos et al. [87] Aluminum 1050 
SiC/BMAS glass–ceramic matrix composites. 
106 cycles 
Montesano et al.[64] Braided carbon/polyimide resin 107 cycles 
Colombo et al. [60] Glass/epoxy 107 cycles 
 
One of the major concerns for the designer focusing on fatigue performance of AFP 
laminates is obtaining this threshold value, stress below which the effect of defects on fatigue life 
diminishes. As shown in the experimental results in chapter 3, the traditional way to obtain the 
threshold value is by using Wohler method in which the S/N curves are developed by conducting 
long fatigue tests at several stress levels. It was found that the S/N curves for the reference and 
gapped specimens intersect with each other at this threshold point. The main drawback of this 
method is that it is highly time and material consuming.  
Motivated by the desire to overcome the drawbacks of the traditional method, a 
thermographic approach similar to [64, 83, 84, 86] will be used during fatigue loading of 
unidirectional, quasi-isotropic and cross-ply gapped laminates to provide a method for quick 




for the case of AFP laminates containing gaps that commonly occur during AFP manufacturing 
process. This has a very high potential for saving time and material. 
 Material and IR thermography equipment 
The same material was used, CYCOM 977-2-35-12K HTS-145) [72], to manufacture 
laminates with different stacking sequences: unidirectional, cross-ply and quasi-isotropic. The 
manufactured specimens contained one gap at the middle 0o layer. Table 4-2 shows the details of 
the manufactured specimens. Figure 4-2 shows the location of the gap in the fifth layer and across 
the thickness (for quasi-isotropic specimen as an example).  
 
Table 4-2 Different types of manufactured laminates 
 (0/0/0/0/0*/0/0/0/0) Unidirectional 
Defective with one gap 
UD-D 
 (90/0/90/0/0*/0/90/0/90) Cross-ply 
Defective with one gap 
CP-D 
 (90/45/-45/0/0*/0/-45/45/90) Quasi-isotropic 
Defective with one gap 
QI-D 
* refers to the layer containing the gap 
 
  






 Methodology and results 
In the previous chapter, long-time fatigue tests were conducted on different laminates to 
determine the threshold stress using the conventional method. It was found that the threshold stress 
values obtained from the reduction in life curves shown in Figure 3-9, Figure 3-19 and Figure 3-29 
are 1725, 983 and 565 MPa for unidirectional, cross-ply and quasi-isotropic laminate with gaps in 
0o layers, respectively. In the current chapter, short-time fatigue tests were devoted for determining 
the threshold stress using IR thermography.  
In the method used in [64, 83, 84, 86], the specimens were tested till reaching a constant 
temperature (stabilization temperature) which depends on the applied stress. For the defective 
specimens containing gaps in the current study, it was noticed that at some stresses the temperature 
did not have this plateau and kept increasing as a result of the continuous heat generation from the 
rubbing of the delaminated surfaces as shown previously in Figure 3-16 for defective 
unidirectional laminates. It was required to test all the specimens up to the same number of cycles 
to avoid extensive testing time. For specimens subjected to the highest fatigue stress level, the 
number of cycles to failure was around 1000 cycles.  
Hence, in the present study, the defective specimens with different stacking sequences were 
fatigue tested at different stress levels (high and low) to the first 1000 cycles and IR thermography 
was used to obtain the surface temperature change during this period. During the tests, the IR 
camera (FLIR T450 SC) was set to focus on the area at the middle of the specimen to avoid any 
heat disturbance from the machine grips. The camera was connected to a computer supported with 
a Research IR software for extracting and analyzing the thermal data.  
Unidirectional defective specimens were fatigue tested at maximum stress ranges between 
1940 MPa (83% of ultimate static strength (UTS) of defective laminates) and 1300 MPa (56% of 
UTS) to investigate the effect of changing the applied stress on the thermal behavior. The 
maximum applied stress in the case of quasi-isotropic laminates ranges between 800 MPa (90% of 
UTS) to 200 MPa (20% of UTS) while for cross-ply laminates it ranges between 1120 MPa (97% 




Figure 4-3 shows the increase in the surface temperature at the middle of the specimens with 
number of cycles up to 1000 cycles at different applied stresses and using a frequency of 5 Hz. It 
can be observed that the thermal behavior has the same trend for all different stacking sequences. 
During the first period of the fatigue life the trend of the temperature increase is almost linear. By 
increasing the applied stress, the rate of temperature change increases and at any specific number 
of cycles the temperature increase is higher for higher applied stresses compared to the lower ones.  
It can be assumed that the main source of temperature increase is the damage process and 
the effect of viscoelasticity is small due to the small size of the gap as mentioned previously. Then, 
a possible explanation for the observed thermal trends is that higher stresses means higher damage 
propagation rate. At the same number of cycles, the damage size is probably larger for higher 
stresses. In addition, the heat generated from rubbing of the damage surfaces is higher. So, at any 
time, the temperature increase is higher for higher stresses. Another interesting observation was 
that the maximum temperature increase was higher for the case of cross-ply laminates (23oC) 
followed by quasi-isotropic (17oC) and unidirectional laminates (11oC). This will be discussed 
later. 
The thermal trends shown in Figure 4-3 were fitted to regression lines using least square 
method. Then the slopes of these lines were determined. High R-squared values for the fitted 
regression lines were observed indicating that the obtained data is close to the linear trend. The 























1940 MPa 1900 MPa
1800 MPa 1700 MPa


























Number of cycles, N
800 MPa 750 MPa
700 MPa 650 MPa
550 MPa 450 MPa






Table 4-3 Slopes of temperature increase at different stress and R2 values from fitted 
regression lines 
Unidirectional Quasi-isotropic Cross-ply 
Stress 
(MPa) 
Slope R-squared Stress 
(MPa) 





0.9908 800 0.01887 
 





0.9844 750 0.01372 
 





0.9887 700 0.00997 
 





0.9809 650 0.00787 
 





0.9755 550 0.00421 
 





0.9841 450 0.00227 
 





0.8506 300 0.00085 
 
0.8851 800 0.00312 
 
0.9164 




Figure 4-3: Temperature increase at different stresses for defective  (a) unidirectional, (b) 























1150 MPa 1100 MPa
1050 MPa 1000 MPa
950 MPa 900 MPa






By plotting the slopes of the fitted regression lines against the maximum applied stress for 
each fatigue test, Figure 4-4 was obtained. The obtained slopes can be fitted to two linear curves. 
The intersection of these two lines corresponds to a threshold stress value. Above this threshold 
point, there is a significant increase in the slope of the temperature change curves compared to the 
slopes for stresses below that point.  
The observed threshold values obtained from the bilinear curves are illustrated in Figure 4-4 
for unidirectional, quasi-isotropic and cross-ply laminates.  
Table 4-4 shows a comparison between the threshold stresses obtained from long fatigue 
tests, Wohler method, and IR thermography techniques. In addition, it shows a comparison 
between the required time for testing using the traditional and IR methods. Thanks to IR 
thermography, the threshold stresses can be obtained with very good agreement with the 
experimental results and with a high potential of saving material and time. 
y = 2E-05x - 0.0374




















y = 7E-05x - 0.0407





















Figure 4-4: Bilinear relation between the slope of temperature increase and the applied 
stress for (a) unidirectional (b) quasi-isotropic and (c) cross-ply defective laminates. 
 













Unidirectional 1725  1730 0.3 219.7 0.39 
Quasi-isotropic 565  615 8.8 334.4 0.44 
Cross-ply 983  935 -4.89 189.2 0.5 
 Discussion and analysis 
Prior to discussing the possible explanations for the observed phenomena, it was required to 
investigate the damage mechanisms and the thermal response of different stacking sequences 
during fatigue loading that will help better understanding of the thermal behavior.  
 
 
y = 9E-05x - 0.0773





















 Damage mechanisms  
The damage process in composite is very complicated because of the variety of mechanisms 
that can occur during loading. The existing damage mechanisms differ from one stacking sequence 
to the other. Some specimens of different stacking sequences were fatigue tested and the tests were 
interrupted after 100 000 cycles then the specimens were cut and inspected using scanning electron 
microscopy (SEM) to detect the interior damage mechanisms.  
Figure 4-5, Figure 4-6 and Figure 4-7 show microscopic images for sections cut at different 
distances from gap center for unidirectional, cross-ply and quasi-isotropic laminates, respectively. 
Figure 4-8 shows a schematic representations of sections A-A and B-B (refer to Figure 4-2) that 
illustrate all the damage mechanisms for the investigated stacking sequences. For each laminate 
configuration there are different damage mechanisms that can be identified.  
For the case of unidirectional laminates, it can be observed that the only damage mechanism 
is (Type A) in Figure 4-8 (a) which is the delamination due to gap that occurred at the interface of 
the defective 0o layer and the adjacent 0o layers. It initiates at the gaps boundaries and propagate 
along the length of the specimen without any propagation along width direction. 
For the case of cross-ply laminate, as shown in Figure 4-8 (b), it can be observed that the 
damage mechanisms are: 
(1) Type A: Delamination at the gap location between the defective 0o layer and the adjacent 
0o layers similar to the unidirectional case. 
(2) Types B: Delamination at interfaces of layers with different orientations (0o/90o). It can be 
divided into two types: (a) Type B’ which is the delamination at 0o/90o interfaces that can 
propagate across the width till reaching the edge of the laminate and (b) Type B” which is 
the internal delamination that could not reach the edge. 
(3) Type C: transverse cracks that propagate through 0o layers from the delamination at the 




(4) Types D: Matrix cracks in 90o layers. It can also be divided into two types according to 
their location: (a) Type D’ which are the matrix cracks in the outer 90o layers and (b) Type 
D” which are the matrix cracks in the inner 90o layers. 
For quasi-isotropic laminates, as shown in Figure 4-8 (c), the observed damage 
mechanisms are: 
(1) Type A: Delamination at the gap location between the defective 0o layer and the adjacent 
0o layers as that observed for unidirectional and cross-ply laminates. 
(2) Types B: Delamination at interfaces of layers with different orientations (90o/45o, 45o /-
45o and -45o /0o). It can be divided into B’ and B” types as shown in the case of cross-ply 
laminates. 
(3) Type C: transverse cracks that propagate through 0o layers from the delamination at the 
gap to the closest interface of 0o /-45o layers. 
(4) Types D: Matrix cracks in 90o, 45o and -45o layers. In this case, we have only outer 90o 
layers. So, the 90o cracks are of Type D’. However, the other matrix cracks in the 45o and 
-45o layers are inner cracks of Type D”. 
 
 
Figure 4-5: Damage detected after 105 cycles within unidirectional laminates  






Figure 4-6: Damage detected after 105 cycles within cross-ply laminates across (a) width (at 
X=10mm, 1.5mm<Y<3.5mm) and (b) length (at Y=10mm, -1.1mm<X<1.1mm). 
 
 
Figure 4-7: Damage detected after 105 cycles within quasi-isotropic laminates (at X=10mm, 
1.8mm<Y<4mm). 
 







Figure 4-8  Schematic representation of different damage mechanisms for (a) 
unidirectional, (b) cross-ply and (c) quasi-isotropic laminates. 
 
Some of the aforementioned damage mechanisms can generate heat and others can dissipate 
heat. Also, some of them might contribute to both heat generation and dissipation. In the following 
subsection, a detailed analysis about the contribution of each mechanism to heat 
generation/dissipation will be illustrated. 
 
 Heat generation/dissipation 
The existence of damage mechanisms in the laminates can help in generation of heat 
during fatigue loading. One of the major sources of heat generation is the rubbing between the 
surfaces created by the damage initiation and propagation process. For instance, if we consider 
the occurrence of delamination of size DL at the interface between two 0o layers (such as the 
case of Type A) during fatigue loading which generates a shear stress τxz at the interface and the 
relative velocity between the surfaces during rubbing is ݑ௫, then the amount of heat generated 
due to the rubbing of those created surfaces during time t will be: 
                          ܳ௚௘௡. =  ߬௫௭  . ܦܮ . ݑ௫  . ݐ                                         (4.1) 
On the other hand, direct exposure of material volume to the environment due to some of 
the damage mechanisms could help in heat dissipation from the specimen to the surrounding. Each 





(1) Type (A): this internal delamination due to gap can contribute only to heat generation as a 
result of continuous rubbing of the surfaces created at the delamination locations during 
loading/unloading portions of each fatigue cycles. 
(2) Type (B’): this delamination contributes not only to heat generation but also to dissipation 
of heat as it can reach the edge of the laminate and hence can dissipate heat to the 
environment.  
(3) Type (B”): this delamination is an internal delamination and can contribute to heat 
generation. 
(4) Type (C): these are internal transverse cracks in the 0o layers and can contribute to heat 
generation. 
(5) Type (D’): these external cracks can efficiently help in heat dissipation because they are in 
direct contact with environment. Regarding heat generation, if these cracks occurred in 90o 
layers, they will not be responsible for heat generation since there is no relative motion 
between the surfaces of the cracks in 90o layers during loading/unloading because the main 
loading direction is normal to the formed cracks. However, if they occurred in ±45o layers, 
they can contribute to generating heat since the main applied load can be resolved to a force 
component parallel to the formed ±45o cracks and hence it can cause a relative 
displacement and rubbing of the cracks’ surfaces which in turn generates heat. 
(6) Type (D”): these internal matrix cracks might generate heat if they occurred in layers 
other than 90o layers (as mentioned in Type (D’). Also, these cracks might help in heat 
dissipation using channels connecting the cracks to the surrounding. For instance, in the 
scheme of the quasi-isotropic laminate shown in Figure 4-8 (c), the type D” cracks formed 
in the inner 45o layer (second layer), although they are not in direct contact with the 
surrounding but the occurrence of type B delamination at 45o/90o interface (first and 
second layers) and type D’ cracks in the outer 90o layer can secure a channel 
(D”/B/D’/surrounding) that can be used for heat dissipation from the inner 45o cracks to 
the surrounding. Table 4-5 summarizes the different damage mechanisms and their role 





Table 4-5 Different Damage mechanisms and their contributions in heat 
generation/dissipation 
Damage mechanism Heat 
generation 
Heat dissipation 
Delamination at gap (A) √ --- 
Delamination at interfaces 
 Within the laminate (B”) 





√ (if it can find path to surrounding) 
√ 
Transverse cracks in 0o layer (C) √ --- 
Matrix cracks in 90 layers 
 Inner layers (D”) 





√ (if it can find path to surrounding) 
√ 
Matrix cracks in ±45o layers 
 Inner layers (D”) 





√ (if it can find path to surrounding) 
√ 
 
Understanding the aforementioned different mechanisms and their contribution in heat 
generation and dissipation will help to understand the difference in the thermal response observed 
previously in Figure 4-3. 
 
 Thermal response of different stacking sequences 
As mentioned in the observations on Figure 4-3, the maximum temperature increase for the 
case of cross-ply laminate was the highest and followed by quasi-isotropic and unidirectional ones. 
Having a deeper look reveals that this is not a fair comparison since the stresses generated in the 
0o layers, the main carriers of load in the laminate, in each laminate is different. One way to 
compare fairly between different types of laminates is by subjecting them to different applied 




Figure 4-9 shows the temperature change of the three different stacking sequences, 
unidirectional, cross-ply and quasi-isotropic laminates, at maximum applied stress of 1750, 1020 
and 770 MPa during the first 1000 cycles. Using classical lamination theory, these applied stress 
levels were selected so that the initially induced stresses in the 0o layers for all of the three types 
of laminates will be the same, 1750 MPa. This approach enabled us to compare between different 
stacking sequences based on the same generated stresses in the main carriers of load in the 
laminates, 0o layers. 
It was found that the order of the maximum temperature increase changes. The highest 
temperature increase was observed for the case of quasi-isotropic laminates followed by cross-ply 
and unidirectional laminates. In order to investigate the possible reasons for this, the fatigue tests 
were interrupted and the specimens were sectioned at different X-distances from the gap and 
polished to be inspected using SEM to check the various damage mechanisms occurred within the 
laminate during this 1000 cycles. Once the damage was detected, the polishing process was 
repeated several times to get the approximate extension of the damage along X-direction. 
 
Figure 4-9: Temperature change for different stacking sequence at the same stresses in 
0o layers, 1750 MPa 
Table 4-6 illustrates the observed damage mechanisms after 1000 cycles and their extension 






























sign. The letter refers to the type of the damage mechanism while the sign refers to whether this 
mechanism generates heat (+), dissipates heat (-) or none of them (nil). The net area was calculated 
while taking into account the sign of the individual areas. For instance, the net area for cross ply 
laminate is: 108-140+207 = 175 mm2. This is more representative to the behavior in Figure 4-9 
since this figure expresses the temperature increase due to the net heat, generated and dissipated, 
in the material. 
 It was found that the net damage area was highest in case of quasi-isotropic laminates 
followed by cross-ply and unidirectional ones. Consequently, the net heat stored in the case of 
quasi-isotropic laminates is the highest one which explains the observed ordering in the 
temperature change of different stacking sequences in Figure 4-9.   
For the case of unidirectional laminates, the existence of 0o layers constrains the laminate 
and confines the propagation of damage. However, for laminates containing off-axis layer, the 
existence of matrix cracks in the off-axis plies after loading reduces the stiffness of the laminate 
and causes an increase in the stress in 0o layers that helps propagating the damage. In the 
investigated laminates, the quasi-isotropic laminates had more off-axis layers (6 layers) compared 
to the cross-ply ones (4 layers) which might be responsible for the increase in the damage area for 
quasi-isotropic laminate compared to the cross-ply one.  
Also it can be observed that the ratio between the maximum temperature increases is 
different from the ratio of the net damage area. For instance, the maximum temperature increase 
for unidirectional and cross-ply laminates, from Figure 4-9, were 5.8 and 9.4oC, respectively, with 
a ratio of ቀ
ହ.଼
ଽ.ସ
= 0.6ቁ. However the ratio between the net damage areas of the two types, from 
Table 4-6, was ቀ
଺଴
ଵ଻ହ
= 0.34ቁ. The interesting observation is that the ratio of maximum temperature 
increase (0.6) is almost equal to the ratio between the delamination areas due to gap (type A) for 
the two stacking sequences which was ቀ
ହ
ଽ
= 0.56ቁ. This can also be confirmed by comparing the 
unidirectional to quasi-isotropic laminates. The ratio of maximum temperature increase, between 
unidirectional and quasi-isotropic from Figure 4-9, was ቀ
ହ.଼
ଵସ.଼




delamination areas due to gap (type A), from Table 4-6, was ቀ
ହ
ଵଶ
= 0.42ቁ. These observations can 
reveal that the delaminations that occurred at the gap (type A) have the highest contribution to the 
heat generation and net thermal behavior. A possible explanation for this is that the relative 
displacement between the two surfaces created by the damage is highest in case of type A damage 








UD CP QI 
Delamination 
at gap  
-Length: 5 mm (A+) 
-Width: 6.35 mm 
-# of interfaces: 2 
-Area=5x6.35x2=60mm2 
-Length: 9 mm (A+) 
-Width: 6.35 mm 
-#of interfaces: 2 
-Area=9x6.35x2=108mm2 
-Length: 12 mm (A+) 
-Width: 6.35 mm 






Average 20 cracks extended for 
20 mm (D” +) 
- Total length of cracks/layer= 
600 mm 
- Area= 600x 4layers x 0.14 thick      
= 336mm2 
Matrix cracks 
in 90  
---- 
- Assumed 20/layer 
extended over the width 
of the specimen*  
- Outer layers (D’-) 
A=20x 2layers x 0.14 x 
25 width=140mm2 
- Inner layers (D” nil) 
A=20 x 2layers x 0.14 x  
25 width=140mm2 
- Assumed 20 extended over the 
width of the specimen 
- Outer layer (D’-) 
A=20x2layersx0.14x25 width 
=140mm2 





- Average width = 9mm 
extended for 23 mm 
along length (B”+) 
- Area=9x23=207 mm2 
No delamination was observed 
after 1000 cycles 
Net area 60  mm2 175  mm2 340  mm2 
* The sections were cut parallel to 90o layers so it was not possible to detect 90o cracks. They were assumed to be equal to the number 




 Behavior of defective laminates below threshold stress 
Since it is not practical to test both reference and defective specimens at stresses lower than 
the threshold values till the final failure occurrence, so the tests were conducted to the first million 
cycles and the thermal behavior was observed. This might help giving an explanation to what 
happens below the threshold values.  
In order to investigate the behavior of the defective samples below the threshold point, some 
fatigue tests were conducted on defective samples with maximum applied stress of 1600 MPa, 550 
MPa and 800 MPa for unidirectional, quasi-isotropic and cross-ply laminates, respectively, and IR 
thermography was used to monitor the temperature change during the tests. The results of the 
fatigue tests showed that final fiber failure did not occur up to 106 cycles for all the samples tested 
below the threshold stress. The increase of the surface temperature with number of cycles for the 
whole period of testing showed that there was an initial temperature increase then it was followed 
by a constant temperature period which represents most of the fatigue life of the tested samples. 
The same behavior was observed for all different stacking sequences.  
This observed thermal behavior was similar to the behavior of the reference specimens which 
consists of initial temperature increase followed by temperature plateau for the majority of the 
fatigue life. This might indicate that the behavior of both reference and defective specimens is the 
same below threshold stress values. 
 Figure 4-10 shows the temperature change for different stacking sequences subjected to 
maximum stress with different ratios to the threshold stress (ܴܽݐ݅݋ =  
ఙ೘ೌೣ
ఙ೟೓ೝ೐ೞ೓೚೗೏
). It should be 
noticed that all specimens subjected to stresses lower than the threshold stress were fatigue tested 
up to 106 cycles. However, the horizontal axes in Figure 4-10 show only the first 500 000 cycles 
so that the behavior at higher stresses and lower cycles can be clearly seen in the same figure. 
It can be observed that for all stacking sequences below the threshold stress there was a 
temperature increase at the middle of the specimen at the beginning of the fatigue test due to 




direction then it reached a plateau. The temperature was almost constant up to the end of the test 
at 106 cycles.  
 
 
Figure 4-10: Thermal behavior at different maximum stress levels for defective: (a) 
unidirectional,  (b) cross-ply and (c) quasi-isotropic laminates 
Based on the observation of the thermal behavior it might be assumed that damage initiated 
and propagated during the first part of the life then there was only minor, or no, additional damage 






























































was no additional heat being generated to increase the surface temperature of the specimen. In 
order to validate this assumption, more specimens of different stacking sequences were tested at 
the same fatigue loading, below the threshold values, and the tests were interrupted at different 
cycles and the specimens were sectioned and inspected using SEM.  
The attention was focused on the part of life during which no temperature increase occurred. 
So one specimen, of each stacking sequence, was tested till reaching the beginning of that period 
(300,000 cycles). The second specimen was tested up to 600,000 cycles which almost corresponds 
to the middle of the no-temperature increase period. The last sample was tested up to 106 cycles. 
Each specimen was cut at different sections located at different distances from the gap in order to 
approximately detect the extension of the damage after certain number of cycles. Figure 4-11 
shows the different sections cut at different distances from the gap center at the middle of the 
specimens and the corresponding number of cycles for the case of unidirectional laminates as an 
example. 
 
For the case of the specimen tested up to 300 000 cycles, it was observed that damage 
extended from the gap edge and terminated at 21 mm. For the specimen tested up to 600 000 
cycles, the same damage extension was observed, no damage was observed at a distance of 25 
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Figure 4-11: Microscopic images at different distances from the gap centre for 300 000, 600 000 and 106 
cycles for unidirectional laminates 




mm. For the sample tested till 1000 000 cycles, the damage propagated up to 25 mm from the gap 
edge and the detected damage was not as clear as in the previous section, 21 mm, which reveals 
that the damage extension is close to its end. Another section was cut at 27 mm for this sample 
and no damage was found.  
In light of these observations, it can be concluded that damage occurred in the first part of 
the life which caused the temperature of the sample to increase. As a result of the low applied 
stress, the damage almost stopped propagating for the rest of the sample’s life and the temperature 
stopped increasing. The arresting of damage during the majority of the fatigue life retarded the 
occurrence of final failure up to 1000 000 cycles. The same observations were found for the case 
of quasi-isotropic and cross-ply laminates as shown in Figure 4-12 for quasi-isotropic and cross-
ply laminates. The damage initiated and propagated in the first part of the fatigue life then there 
was no more damage occurrence in the rest of the life up to 106 cycles. 
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Figure 4-12: Microscopic images at different distances from the gap centre for (a) quasi-isotropic and (b) 
cross-ply laminates 
 Temperature plateau 
One of the characteristics observed for the specimens subjected to stresses lower than the 
threshold values is that the temperature change has a plateau. As explained previously, there are 
two opposing components responsible for the thermal state of the specimen which are the heat 
generation and dissipation components. The net amount of heat stored in the material up to time 
(ݐ + ∆ݐ ) is:  
         ܳௌ
௧ା∆௧  =   ܳௌ
௧ +  ܳ௚∆௧ −  ܳௗ
∆௧                                 (4.2) 
While the amount of dissipated heat from the specimen to the surrounding is: 
              ܳௗ
∆௧ = ܪ ൫ ௦ܶ,௔௩∆௧ − ܶ൯. ∆ݐ                                      (4.3) 
ܳௌ
௧ , ܳ௚∆௧ and ܳௗ
∆௧ are the stored heat in the material up to time (t), the generated heat during 
time (∆ݐ ) and the dissipated heat during time (∆ݐ ), respectively. H is the heat loss coefficient. 
ௌܶ,௔௩
∆௧  is the average surface temperature of the specimen during ∆ݐ. T is the environmental 
temperature. If at any time the amount of generated heat is more than the dissipated one then some 
amount of heat will be accumulated to the heat stored in the material causing the net stored energy 
(b) 




to increase which will lead eventually to increase the temperature of the specimen. On the other 
hand, if the amount of heat generated was equal to the dissipated heat then the stored energy in the 
material will be the same which consequently results in constant temperature (temperature plateau) 
with time/cycles.  
At the beginning of the fatigue life, cracks started to occur and increase in density due to 
damage accumulation with cycles causing high heat generation (ܳ௚). Initially the amount of heat 
dissipation (ܳௗ) is small which results in continuous increase of the net stored energy in the 
material that causes the temperature to keep increasing with time. 
Then, the rate of damage growth decreases till it reaches a saturation state with no more 
cracks occurrence. This will make the amount of heat generation (ܳ௚) constant. On the other hand, 
the amount of heat dissipation component (ܳௗ) increases continuously because of the increase in 
the surface temperature of the specimen, according to Eqn. (4.3), till it becomes equal to the heat 
generation component (ܳ௚) which leads to a constant amount of net heat stored in the material and 
the material reaches a temperature plateau. 
In the present study, for the case of unidirectional laminates, it was observed that the material 
has the temperature plateau when the applied stress is less than the threshold as shown in 
Figure 4-10 (a) for R=0.92. However, for the case of cross-ply and quasi-isotropic laminates, it 
was observed that the material might have the temperature plateau even for stresses higher than 
the threshold point as shown in Figure 4-10 (b) at R=1.09 for cross-ply laminates and Figure 4-10 
(c) at R=1.2 for quasi-isotropic laminates. A possible explanation for this is the existence of some 
damage mechanisms that could help in dissipating heat such as types B’ and D’ in Figure 4-8. 
These mechanisms do not exist for the case of unidirectional laminates. The occurrence of these 
mechanisms helps in creating more surfaces that enhance and accelerate the dissipation of heat to 







 Threshold stress 
For reference specimens without gaps, the damage initiates from the non-uniformities 
existing in the material such as manufacturing flaws and resin rich areas which lead eventually to 
final failure. For the defective specimens containing gaps, at high applied stresses, the elastic 
energy stored in the material is high. This high energy helps in propagating the damage from the 
gap which consequently accelerates the final failure and reduces the fatigue life of the defective 
specimen compared to the reference one. So, in this case the effect of the gap is more severe than 
the effect of the heterogeneity in the material. 
However, for the case of defective specimens subjected to stress lower than the threshold 
stress, the elastic energy stored in the material is too low to keep the damage propagating from the 
gap and damage arresting occurs during the majority of the fatigue life as shown in Figure 4-11 
and Figure 4-12. So, in the case of low stresses and very long fatigue life, there is enough time for 
the damage from small defects or heterogeneity localized in the reference material to aggregate 
and give rise to similar effect of the arrested damage due to gaps created in the defective specimens.   
 Using Risitano method for laminates with more gaps 
It was required to investigate the applicability of IR thermography for rapid evaluation of 
threshold stresses of laminates containing more gaps. Two types of unidirectional specimens were 
manufactured: specimens with 2 in-plane gaps and specimens with 2 out-of-plane gaps. Then, the 
same procedures explained previously were followed in order to determine the threshold stress. 
The specimens were fatigue tested for the 1000 cycles and the surface temperature was monitored 
and recorded using IR camera. Figure 4-13 shows the temperature change with number of cycles 
during the first 1000 cycles of the fatigue life. The observed behavior was similar to that of the 
case of one gap which was almost linear temperature increase with cycles.  
The obtained thermal trends were fitted to regression lines and the slopes were obtained. 
Then they were plotted against the applied stress as shown in Figure 4-14. The plotted slopes can 




shows a comparison between the threshold stresses obtained from long fatigue tests, Wohler 
method, and IR thermography techniques. In addition, it shows a comparison between the required 
time for testing using the traditional and IR methods. It can be concluded that IR thermography 
can be efficiently used for rapid evaluation of the threshold stresses for the case of laminates 
containing more than one gap. 
 
Figure 4-13: Temperature change with cycles for unidirectional laminates with 2 gaps 
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Figure 4-14: Bilinear relation between the slope of temperature increase and the applied 
stress for unidirectional laminates with 2 gaps (a) in-plane and (b) out-of-plane 
 
Table 4-7: Threshold stress values obtained from experiments and IR thermography for 













2 in-plane gaps 1570 1580 0.51 180 0.5 
2 out-of-plane 
gaps 









































Subjected to fatigue loading, AFP laminates containing gaps showed a threshold stress 
below which the effect of the manufacturing gaps diminishes. IR thermography was used to 
provide a method for quickly determining the threshold stress in an effort to overcome the obstacle 
of the long time and high material consumption in the traditional Wohler (S/N curves) method.  
Thermal observations of gapped specimens with different stacking sequences containing one 
or two gaps showed a bilinear relation between the rate of the temperature increase and the applied 
stress from which a threshold stress could be obtained.  At applied fatigue stresses lower than the 
threshold values, as a result of the low applied stress and long-time of testing, the effect of the gaps 
in defective specimens becomes equivalent to the effect of the heterogeneities in the reference 
specimens. This eliminates the effect of the gap on the fatigue life. 
The results of the threshold stress values for different stacking sequences obtained using IR 
thermography were in very good agreement with that obtained using Wohler method. IR 
thermography was found to be a powerful alternate to the traditional method and capable of 
determining the threshold fatigue stress for AFP laminates containing gaps while retaining the 

















Development of finite element models helps engineers in all different fields. First, they 
contribute to saving time and material required for conducting experimental tests by performing 
virtual tests using many platforms such as Ansys, Abaqus…etc. Second, it can help the designer 
understanding different phenomena observed during the performed experiments. This chapter 
focuses on illustrating the fatigue progressive damage model (FPDM) developed in the study. This 
model helps in understanding and predicting the behavior of laminates manufactured by AFP and 
containing gaps. The chapter is divided into two main parts. In the first part, the components of 
the FPDM will be described in details. Then in the second part, validation of the model will be 
performed by comparing the results of the fatigue tests performed and illustrated in chapter 3 to 




 Model Development 
A fatigue progressive damage model (FPDM) was developed in order to predict fatigue 
damage growth and final failure of laminates containing gaps as a representation of induced defect 
during manufacturing using AFP. The model was developed for different stacking sequences using 
Ansys Parametric Design Language (APDL) v15.0. The progressive damage model presented in 
this work is an integration of fatigue life model, failure criterion, sudden and gradual degradation 
of strength/stiffness. In the following subsections, the main procedures to develop the FPDM will 
be described. 
 Model generation and material definition 
Ansys v15.0 was used to develop a 3D model. In the developed model, each layer was 
represented by one volume then the volumes were bonded to each other. Before meshing the 
volumes, different local coordinate systems were defined according to the orientation of the 
different layers in the laminate to be modeled. For instance, if the laminate is quasi-isotropic, then 
four local coordinate systems are defined: 0, 90, 45 and -45. These coordinate systems are assigned 
to the generated volume according to the configuration of the laminate. Then the volumes are 
meshed. 
Element type Solid185 brick element was used to mesh the model, shown in Figure 5-1. It 
is defined by eight nodes having three degrees of freedom at each node: translations in the nodal 
x, y, and z directions.  
 




The reasons for selecting a 3D element for the model are that:  
1- It was found from experimental observations that the main damage mechanism due to gaps 
was delamination which is mainly caused by out-of-plane stresses. Consequently, a 3D 
element was used to accurately capture the out-of-plane stresses within the laminate 
especially at the location of the gap. 
2- Using 3D model enables to represent each layer by one element across the thickness of the 
laminates. Hence, mechanical properties degradation can be applied to the required element 
in the required layer without affecting the mechanical properties of the other layers.  
For Solid185, structure solid option was chosen and orthotropic material properties were 
assigned to the elements. So, initially two material types were defined: 
1- Isotropic material properties were assigned for the elements representing the gap with 
properties of epoxy resin. The gap was assumed to be filled with resin based on the 
microscopic images for the section containing the gap. 
2- Orthotropic material properties were assigned for all other elements.  
Table 5-1 (second column) shows the results of static tests for material characterization 
performed in the study. These values were used as inputs in the finite element modeling software 
(ANSYS). Also, by comparing both the second and third columns in Table 5-1, it can be observed 
that the mechanical properties of the used material in the current study are close to those of the 
one used in reference [94].  Consequently, it was assumed that the fatigue response of both 
materials are similar and hence the required constants for the finite element modeling obtained 









Table 5-1 Material properties of Carbon/Epoxy laminates used in the FEM. 




E11 (Young modulus in fiber direction) 
E22 = E33 (Young modulus in 2- and 3- direction) 
G12 = G13 (Shear modulus in 1-2 and 1-3 planes) 
G23 (Shear modulus in 2-3 planes) 
υ12 = υ13 (Major Poisson’s ratio in 1-2 and 1-3 planes) 
υ23* (Major Poisson ratio in 2-3 plane) 
ܺ௧  (Tensile strength in fiber direction) 
ܺ௖ (Compressive strength in fiber direction) 
௧ܻ =  ܼ௧(Tensile strength in transverse direction) 
௖ܻ =  ܼ௖(Compressive strength in transverse direction) 
ܵ௫௬ =  ܵ௫௭ (shear strength) 
ܵ௬௭ (assumed equal to that of [94]) 
140 GPa 
11  GPa 
5  GPa 





















* Poisson’s ratio was assumed to be the same in all planes 
It was required to assess the accuracy of the mesh and the applied boundary and loading 
conditions of the model, so a simple case from the experiments, which is the quasi-static tensile 
testing of unidirectional laminates, was chosen and the output strains of the model at different 
values of load were compared to the results recorded from strain gages during the test. Figure 5-2 
shows a comparison between the strain gages results and strains from the finite element model at 





Figure 5-2: Comparison between strain results obtained experimentally and from 
FEM 
For modelling of tensile-tensile fatigue loading, it was assumed that the damage occurs at 
the maximum stress in the cycle.  Therefore, the stress analysis was performed based on the 
maximum applied stress during the fatigue tests. Then, the on-axis stresses were obtained for each 
element in the model. Eventually, each element has six on-axis components of stresses: three 
normal stresses (σ11, σ22 and σ33) and three shear stresses (τ12, τ23 and τ13).   
 Fatigue life model 
The purpose of using the fatigue life model is to determine the number of cycles to failure 
in each direction by using the on-axis stresses/strength on those directions for each element and 
stress ratio (R= 
ఙ೘೔೙
ఙ೘ೌೣ
 = 0.1). The power law fatigue life model was developed by Gathercole et al. 
[95]: 
                             a = f [(1 − m)(c + m)]୳                             (3.1)  
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f = 1.06 [95]. 
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σ୫ୟ୶  and σ୫୧୬ are the maximum and minimum on-axis stresses in each element. In case of 
normal stresses in longitudinal and transverse directions, ௧ܵ and ܵ௖ are the tensile and compressive 
on-axis strength in those directions. For shear case, c = 1 and ௧ܵ refers to shear strength. A and B 
are curve fitting parameters determined experimentally from fatigue characterization of the 
material by running longitudinal, transverse and shear fatigue tests at different maximum stress 
levels. They were obtained from [94] due to similarity of both materials as shown in Table 5-1. 
The constants used in the study for the fatigue life model are listed in Table 5-2. 
 
Table 5-2: Fitting parameters used in the fatigue life model [94] 
Fatigue Loading 
condition 
Constants for Eqn. 
(3.2) 
A B 
Longitudinal tension 1.06 0.07 
Longitudinal compression 1.06 0.07 
Transverse tension 0.99 0.096 
Transverse compression 0.99 0.096 
In-plane shear 0.1 0.2 





During fatigue loading, mechanical properties can change due to gradual or sudden 
degradation. Gradual degradation occurs continuously as a result of change of mechanical 
properties with cycles. However, sudden degradation occurs only when any failure mode is 
detected and hence the ability of the material to carry load is drastically decreased as illustrated in 
the following subsections.  
 Gradual degradation of mechanical properties  
At the beginning of the fatigue test, the residual strength and stiffness of the laminate are 
equal to the static values. By increasing the number of cycles, the residual properties decrease. 
When the number of cycles reaches a critical value which is the number of cycles to failure (Nf), 
these residual properties reach critical values at which failure occurs. The evolution of damage and 
degradation of mechanical properties pass by three phases during the fatigue life of a composite 
part: initial change, almost constant level and finally a drastic change prior to failure [65]. The 
model in the study, developed by Adam et al. [96] and modified by Shokrieh [94], simulates this 
behavior of residual properties: 
 








(S −  ߪ) +  ߪ             (3.3) 
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ܵோ(݊) and ܧோ(݊) are the residual strength and stiffness, respectively, in different directions 
(longitudinal, transverse and shear) at any number of cycles (݊). ܵ and ܧ are the static strength and 
stiffness in the corresponding directions as shown in Table 5-1. ߪ is the on-axis stress in the 
corresponding directions obtained from the stress analysis. ߚ , ∝ , ߣ and ߛ are curve fitting 
parameters determined experimentally by performing interrupted longitudinal, transverse and 
shear fatigue tests followed by static tests at different cycle ratios ൬
ே
ே೑
൰ to determine the residual 
properties. ߝ௙ is the average strain to failure during fatigue loading. These required constants are 




Table 5-3: Fitting parameters used in strength and stiffness degradation models [94] 
Fatigue Loading 
condition 
Constants for Eqn. (3.3) Constants for Eqn.(3.4) 
β α λ γ εf
Longitudinal tension 0.47 10.03 14.6 0.3 0.019 
Longitudinal compression 0.03 49.06 14.6 0.3 0.019 
Transverse tension 0.13 9.63 14.8 0.12 0.006 
Transverse compression 0.001 67.4 14.8 0.12 0.006 
In-plane shear  9.11 0.16 0.7 11 0.1 
Out-of-plane shear  12 0.2    
 Failure analysis 
In static failure criteria, the state of stresses is compared to the static strength in each material 
direction. However, in case of fatigue as a result of continuous degradation of material properties 
with cycles, the state of stresses is compared to the residual material properties. Based on the on-
axis stresses obtained from stress analysis and the residual properties of each element obtained 
from equation (3.3), failure was checked against a fatigue failure criterion. Initially,  Hashin failure 
criterion [76] was used to check different modes of failure since it can distinguish between 
different modes: 















= 1 ,        ߪଵଵ > 0                        (3.5) 
Fiber failure in compression:     
ఙభభ
௑೎ೃ
= 1 ,                                                      ߪଵଵ < 0                       (3.6) 















= 1   ,                    ߪଶଶ > 0                        (3.7) 















= 1  ,     ߪଶଶ < 0                              (3.8) 















= 1 ,              ߪଵଵ < 0                              (3.9)    















= 1             ߪଷଷ > 0                              (3.10) 



















In this criterion, ߪ୧୧ and ߬୧୨ denote the normal and shear stresses in material directions, 
respectively (both i and j represent 1- , 2- and 3-directions). In the denominators, X, Y and Z denote 
normal strength in 1-, 2- and 3-direction, respectively, and S is for shear strength. Subscripts t and 
c refer to tensile and compression properties, respectively. Subscript R indicates residual strength 
values obtained from equation (3.3). It was found [97, 98] that using Hashin failure criterion alone 
led to a very conservative prediction of fiber tensile failure mode as a result of the interaction 
between the shear and tensile stresses in fiber failure mode as shown in equation (3.5). In the case 
of the laminate with gap, high shear stresses generate at the edge of the gap as a result of cutting 
of fibers. The contribution of shear stress component in fiber failure mode, equation (3.5), might 
cause early prediction of fiber tensile failure. As a result, Hashin failure criterion was used to check 
only fiber compressive failure, matrix tensile and compressive failure, fiber matrix shearing under 
compression and delamination in both tension and compression. In its place, maximum stress 
criterion [2] was used to check fiber tensile failure instead of equation (3.5): 
                         
ఙభభ
௑೟ೃ
=  1  ,                                            ߪଵଵ > 1                                (3.12)             
 Sudden mechanical properties degradation 
Once any failure mode is detected in an element, the material properties of this element are 
degraded by implementing a sudden degradation rule. The scope of using sudden degradation rules 
is to disable elements from carrying a load in a certain direction. Thus, for each mode of failure 
there exists a corresponding degradation rule. The stiffness degradation takes place according to 
Table 5-4 [99]. To avoid numerical problems due to assigning zero to some material properties in 















E11= E22= E33= υ12 = υ23 = υ13 =G12=G23= G13= 0  
E22= υ12= 0 
υ12= G12=0 
E33 =G23 =G13 = υ 23 = υ 13 = 0 
To integrate all the previously mentioned components in FPDM, a user macro-routine was 
developed using Ansys Parametric Design Language (APDL). Figure 5-3 shows the sequence of 
the different procedures of the FPDM. After performing the stress analysis and obtaining the on-
axis stresses in each element, fatigue life model is performed to obtain the failure cycles in each 
direction for each element using equations (3.1-3.2).  
Then, gradual degradation of strength/stiffness is conducted to account for the degradation 
of properties with increasing the number of cycles using equations (3.3-3.4). Failure in each 
element is checked using the fatigue failure criteria according to equations (3.6-3.12).  
If no failure was detected in the elements then the number of cycles will be increased with 
an increment ∆N. If any failure mode is detected, then sudden degradation rules are applied 
according to Table 5-4. Stress redistribution is performed and failure is rechecked again. The 




repeated continuously till the final failure of the model which was defined as the propagation of 
fiber failure mode across the whole width of the model. 
 





 Model validation 
It is of importance for any developed finite element model to be validated. The best way to 
validate the model is by comparing its predicted results with the results of the conducted 
experiments. The main privilege of using the FPDM is to be able to capture the damage growth 
from stress concentrations in the material (such as notches and defects). In the present work, the 
model was applied for the different scenarios of defective samples investigated experimentally. In 
the following subsections the results of the model will be illustrated and compared with that of the 
fatigue experiments. 
 Gaps in 0o layers for different stacking sequences 
For the case of different laminates containing gaps in the middle 0o layers, due to symmetry 
of the laminate, only one quarter of the laminates was modeled and symmetry boundary conditions 
were applied to the areas located at X=0 and Y=0. The load was applied to the area located at the 
right end of the sample as illustrated in Figure 5-4. 
 
Figure 5-4: Applied load and boundary conditions in the FEM for laminates containing 
gaps in middle 0o layer 
Planes of symmetry 













It was mentioned that the reason of the delamination occurrence between the defective layer 
and the adjacent layers is the high interlaminar stresses generated as a result of the transfer of high 
amount of normal in-plane stresses between those two layers. Figure 5-5 shows the normal in-
plane stress distribution across the thickness of the laminate at the gap location when the laminate 
is subjected to 1850 MPa. It can be observed that the stress at the middle layer is small due to gap 
existence (180 MPa). Due to stress redistribution, the differential stress (1670 MPa) is transferred 
to the adjacent 0o layers causing stress increase as shown in the 4th and 6th layers. 
 
Figure 5-5 Normal in-plane stress distribution at the gap across the thickness of 
unidirectional laminate 
 
It should be mentioned that the stresses that need to be transferred from the defective layer 
are not equally distributed among the other layers of the laminate. However, the layers which are 
severely affected by the stress distribution are those directly adjacent to the defective layer. Then 
the effect of the gap is alleviated through the thickness by moving further from the gap. The 
adjacent layers (4th and 6th layers) carry together 47% of the differential stresses transferred from 
the defective area while the remaining 53% is carried by the other layers. 
 As a result of transferring high amount of load to the adjacent intact layer, interlaminar 






















the gap along fiber direction, line AB, as shown in Figure 5-6. It can be observed that there is a 
high out-of-plane stress, τxz, at gap edge as a result of load transfer between the two layers and 
these induced stresses cause initiation of delamination in the laminate which was observed from 
the microscopic images of a section cut ahead of the gaps locations. 
 
 
Figure 5-6: Out-of-plane shear stress at the edge of the gap for a unidirectional laminates 
at applied stress of 1880 MPa 
Figure 5-7 shows the damage progression of a unidirectional laminate containing a gap at 
different cycle ratios for stress level of 1880 MPa. Initially, there was high interlaminar shear stress 
at the gap edge as shown in Figure 5-6. These induced stresses did not cause static failure because 
they were less than static strength of the elements. By increasing the number of cycles, gradual 
mechanical properties degradation occurred till reaching a point at which the developed 
interlaminar shear stresses became higher than the residual shear strength of some elements and 
consequently failure started to occur. Delamination initiated at the edge of the gap at early stages 
of fatigue life, Figure 5-7(b), and it was followed by sudden degradation of failed elements and 
stresses were redistributed to the intact elements. Stress redistribution process caused delamination 








































mode started to occur and propagated across the length and the width of the model till reaching 
the edge which indicated final failure, Figure 5-7(d) and (e).  
 Delamination is a progressive failure mode and the model can reach stability after stress 
redistribution process and hence going forward to the next increment of cycles. However, fiber 
failure is a catastrophic mode of failure and once it occurs, Figure 5-7(d), the model could not 
reach stability and it continues propagating across the width of the specimen at the same last step 
up to final failure detection, Figure 5-7(e). That is why the damage shown in Figure 5-7(d) and 



















Figure 5-7 Damage evolution in UD carbon/Epoxy laminate containing a gap in the middle 0o 
layer under fatigue loading 
 
Figure 5-8 shows a comparison between the experimental and the predicted life of FPDM 
for carbon/epoxy unidirectional laminate at different applied stress levels. It can be observed that 
the FPDM over predicts the fatigue life of the defective laminates. In reality, there are some issues 
that can negatively affect the performance of the tested specimens such as: manufacturing flaws 
(resin rich areas, voids, fiber misalignment, and waviness), cutting process flaws (delamination at 
the edges and inaccuracy of cutting) and testing flaws (gripping pressure at the grips of the 
specimen and misalignment of the specimen with the grips of the machine). These issues were not 
taken into account in the model.  
In addition, the used curve fitting parameters in the fatigue life model and the 
stiffness/strength degradation models were taken from a previous study [94]. Although these 
parameters were taken from another material whose mechanical properties are close to that used 
in the current study, however, characterizing the used material in the current study and using its 
own fitting parameters might lead to better predicted results. The resulting inaccuracy due to using 
these parameters might positively affect the longitudinal behavior, which is the dominant behavior 









Figure 5-8: Comparison between the predicted FPDM and experimental results for 
unidirectional laminates 
The model was also applied for the case of cross-ply (90/0/90/0/0*/0/90/0/90) and quasi-
isotropic laminates (90/45/-45/0/0*/0/-45/45/90) with a gap created in the middle 0o layer indicated 
by (*) symbol in each stacking sequence. Figure 5-9 shows a schematic illustration for the damage 
mechanisms observed from FPDM of the cross-ply laminate, as an example, during the fatigue 
life. Figure 5-9 (a) shows a scheme for the model and the used coordinate system. For both cases, 
there are three observed damage mechanisms:  
1- Referring to Figure 5-9 (b), damage starts by matrix cracks that occur at the beginning of 
the life in the off-axis layers such as 90o layers. This also happens for the case of ±45o 
layers in quasi-isotropic laminates. This mechanism took place for all elements 
representing the off-axis layers because the on-axis stresses in the matrix direction were 
higher than the strength of the matrix material for those elements. 
2- Delamination occurs as a result of the high interlaminar stress at the gap edge similar to 























of cycles, delamination propagates along the length of the specimen (X-direction) as shown 
in Figure 5-9 (c).  
3- At the end of fatigue life, fiber failure initiates at the location of the delamination at the 0o 
layers and propagates aggressively across both width and length direction of the specimen 






Figure 5-9: Schematic representation for cross-ply laminate of (a)FEM and the used 









However, the model did not predict the occurrence of the transverse cracks, which were 
observed in the experimentally tested specimens, propagating through 0o layers from delamination 
due to the gap to the interface of 0o/90o layers. The occurrence of such cracks is greatly affected 
by the stresses at the interfaces between different layers. A possible reason is that the predicted 
stresses from the developed FPDM between layers were not accurate. Using interface elements at 
the interface between layers might help in more accurate prediction of stresses at the interface 
which improves the simulation of damage mechanisms. Using interface element approach will 
increase the complexity of the model and was not considered in the current study. 
Figure 5-10 and Figure 5-11 show a comparison between the experimental and the predicted 
results for FPDM for cross-ply and quasi-isotropic laminates. It can be observed that the FPDM 
underestimates the fatigue lives for cross-ply laminates. For quasi-isotropic laminates, at some 
stresses it overestimates but to a less extent compared to the unidirectional laminates. 
It was found from the fatigue experiments that adding 90o layers improves the performance 
of the laminate and increases the fatigue life. Consequently, a possible reason for the observed 
deviation is the set of parameters used in the fatigue life models and stiffness/strength degradation 
models. The inaccuracy resulting from the use of these parameters might negatively affect the 
performance of 90o layers and might eventually reduce the predicted fatigue life. The tested cross-
ply laminate has more 90o layers than the quasi-isotropic ones. Hence, the effect of the inaccuracy 
in the parameters is more severe on the cross-ply compared to the quasi-isotropic laminates.  
Moreover, in the previous study [94], the fitting parameters were calibrated using stress 
levels of 60% and 80% of the ultimate strength of the material. However, in the case of cross-ply 
laminates the ratios of the applied stress to the static strength were higher than 80%. This might 






 Figure 5-10: Comparison between the predicted FPDM and experimental results 
for cross-ply laminates 
 
Figure 5-11: Comparison between the predicted FPDM and experimental results 













































 Gaps with different orientations 
In this part, the FPDM was developed for the case of cross-ply laminate 
(90/0/90*/0/0/0/90/0/90) containing a gap in 90o layer, indicated by (*) symbol, and quasi-isotropic 
laminate (90/45/-45*/0/0/0/-45/45/90) containing a gap in -45o layer, indicated by (*) symbol. In 
order to build up the model for the case of cross-ply laminate with gap in 90o, the volume 
representing the gap was created within the volume representing the 90o layer. Resin properties 
were assigned to the gap volume.  For the case of quasi-isotropic laminate with a gap in -45o layer, 
the volume of the gap was created in the volume representing the -45o layer. The gap volume was 
oriented with -45o with respect to loading direction to represent the real specimen in which the gap 
is created by cutting fibers oriented with -45o with respect to loading direction. Then the material 
of the gap volume was defined using resin properties as shown in Figure 5-12. 
 
 
Figure 5-12: 2-D scheme for the defective -45o layer containing a gap in quasi-isotropic 
laminate 
 
 Initially, the same procedures for model development described for the case of the laminates 
containing gaps in 0o layers were followed within the present case with gaps created in 90o and -




compared to those obtained from experiments for both laminates, cross-ply and quasi-isotropic. 
For instance, in the FPDM for a cross-ply laminate with a gap in 90o layer and subjected to 1240 
MPa, the specimen failed at 240000 cycles. However the average fatigue life from experiment was 
3000 cycles. This might be attributed to the following: 
1- In the case of different laminates with gaps in 0o layers, a defect is created in the main load 
carrier in the laminate. Hence, the consequent damage mechanism from this defect affects 
severely the final failure of the laminate because it affects the integrity of the 0o layers. So, 
in this case, the effect of these defects was assumed to be higher than the effect of non-
uniformity in the material. As a result, all the elements in the model, except for the gap 
elements, were assumed to have the same mechanical properties.  
2- For the case of laminates with gaps in layers rather than 0o layers, cutting is performed in 
fibers not oriented in loading direction which makes the effect of this cut to be small 
compared to cuts in 0o layers. In addition, it was found from the model that after stress 
distribution from the defective to intact layers, the stress increase in the intact 0o layers was 
so small that it did not even initiate delamination or failure in the 0o layers. Consequently, 
it was expected that considering the non-uniformity in the model will create weak spot 
from which damage can initiate and also it will be more representative to reality. Hence, 
for the laminates containing gaps in 90o or 45o layers, it was expected that the non-
uniformity in the mechanical properties plays an important role in initiation of damage and 
occurrence of final failure. 
In order to incorporate the effect of non-uniformities in the FPDM, different mechanical 
properties should be assigned to different elements. It was found from the literature that the 
material properties follow a normal distribution function [100]. So, random numbers were 
generated for material property using normal distribution function based on the mean value and 
the standard deviation obtained from the performed experiments during characterization of the 
material. After generation of different mechanical properties, they were assigned to the elements 
in the model. Consequently, each element in the FPDM had its own set of mechanical properties 
which was different from other elements. Figure 5-13 shows the variation of the tensile strength 




each element has a longitudinal tensile strength that is different from the surrounding elements. 
This technique enables us to simulate the effect of the non-uniformities existed in the material. 
 
Figure 5-13: Variation of the longitudinal tensile strength in a small area in the 
model 
 
It should be mentioned that for each time the model was solved, the distribution of the 
mechanical properties in all the plies in the model was different and consequently the number 
of cycles of failure obtained from the FPDM might be different.  Figure 5-14, Figure 5-15 and 
Figure 5-16 show the damage evolution for different random distributions of properties for a 
cross-ply laminate (90/0/90*/0/0/0/90/0/90) with gap created in 90o layer. The attention was 
focused on the 0o layers in this type of laminates since they are the load carriers and they 
control the final failure of the laminate. The illustrated images are for the 0o layer adjacent to 
the defective 90o layer in the laminate, denoted by a bar in the stacking sequence, 
(90/0/90*/0/0/0/90/0/90).  
Damage initiates at random locations in which the strength values are less than the 
generated stresses. As a result of stress redistribution from the failed to intact elements, damage 
starts to propagate and the small damage areas aggregate with each other forming larger 




surrounding elements due to damage mechanisms such as delamination and matrix cracks, the 
generated stresses in fiber direction become higher than the strength of fibers in those elements. 




































Figure 5-16: Damage evolution for cross-ply with gap in 90o layer at 1200 MPa up to 140000 
cycles 
Figure 5-17 shows the variation in the number of cycles to failure as a result of considering 
the variation in mechanical properties for a cross-ply laminate containing a gap in 90o layer. The 
illustrated results are for eight virtual samples at two applied stress levels. These results can show 











specimen. Figure 5-18 shows a comparison between the experimental and the predicted life of 
FPDM for carbon/epoxy cross-ply laminate with gap in 90o layer at different applied stress level.  
 Figure 5-17: Effect of properties variation on fatigue life of cross-ply laminates with 
gaps in 90o at 1200 and 1170 MPa. 
Figure 5-18: Comparison between the predicted FPDM and experimental results for 
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The same procedures were performed for the FPDM of quasi-isotropic (90/45/-45*/0/0/0/-
45/45/90) with gaps in 45o layer. Random values were generated for each mechanical property and 
then they were assigned to the elements of the FPDM to account for the scattering in the 
mechanical properties. Then, the model was solved several times to obtain the scattering in the 
fatigue life. 
Figure 5-19, Figure 5-20 and Figure 5-21 show the damage evolution for different random 
distributions of properties for a quasi-isotropic laminate (90/45/-45*/0/0/0/-45/45/90) with gap 
created in -45o layer. The illustrated images are for the 0o layer adjacent to the defective -45o layer 
in the laminate, denoted by a bar in the stacking sequence (90/45/-45*/0/0/0/-45/45/90). Damage 
starts randomly at the weak locations. Then, damage propagates due to stress redistribution from 
the failed to intact elements. Fiber failure occurs and propagates aggressively up to final failure of 
the laminate. Figure 5-22 shows the variation in the fatigue life for quasi-isotropic laminates with 
gaps in -45o layers. Figure 5-23 shows the comparison between the predicted results from the 
















Figure 5-19: Damage evolution for quasi-isotropic laminate with gap in -45o layer at 750 MPa 















Figure 5-20: Damage evolution for quasi-isotropic laminate with gap in 45o layer at 750 MPa 















Figure 5-21: Damage evolution for quasi-isotropic laminate with gap in 45o layer at 750 MPa 











 Figure 5-22: Effect of properties variation on fatigue life of quasi-isotropic laminates 
with gaps in 45o at 750 and 800 MPa. 
 
 
Figure 5-23: Comparison between the predicted FPDM and experimental results for 



















































The observed variation in the results for the cross-ply and quasi-isotropic laminates confirms 
the complexity of the damage behavior in the case of off-axis laminates and the difficulty of 
modeling such laminates as a result of the non-uniformity and randomness of the mechanical 
properties which greatly affect the performance of this type of laminates. 
 Gap with different shapes 
The FPDM was applied for the case of laminates containing triangular gaps to investigate 
its applicability for different gap shapes. A unidirectional laminate was modeled and a triangular 
volume was created in the middle layer to represent a triangular gap. Resin properties were 
assigned to the elements representing the triangular volume.  
One of the interesting observations was that the generated interlaminar shear stress at the 
inclined edge (denoted as edge (1)) of the gap was less as compared to that generated at the other 
straight edge (denoted as edge (2)) as shown in Figure 5-24. This might be attributed to the gradual 
cutting of fibers at the inclined edge of the triangular gap which reduced the amount of load 
transferred between the cut fibers and the intact fibers in the adjacent layer. Consequently, the 
generated interlaminar stresses are less at the inclined side.  
Figure 5-25 shows the damage evolution from the triangular gap in a unidirectional laminate. 
Damage process starts by delamination at the elements adjacent to the straight edge of the 
triangular gap. Then, by increasing the cycles, delamination initiated at the elements adjacent to 
the other inclined side of the gap. At the end of the fatigue life fiber failure occurs and aggressively 
propagates across the specimen width.  
The FPDM was tested for triangular gaps with different aspect ratios to be compared with 
performed experiments. Figure 5-26 shows a comparison between the predicted fatigue life and 
the obtained from experiments at 1850 MPa and for three aspect ratios (1, 2 and 3). It can be 
observed that the predicted fatigue lives for different aspect ratios are close to each other which 
was confirmed from the performed experiments. The overestimation of the predicted results can 
be attributed to the used parameters in the FPDM or the real manufacturing defects as explained 





Figure 5-24 Interlaminar stress distribution at the boundaries of the triangular gap 
 
  
   
  

























Figure 5-26: Comparison between the predicted FPDM and experimental results for 
unidirectional laminate with triangular gaps with different aspect ratios at 1850 MPa. 
 
 Defective laminates with more than one gap 
Initially, it was required to investigate the effect of adding more gaps on fatigue performance 
experimentally by creating two gaps in unidirectional laminates and subjecting the specimens to 
fatigue loading. Since the two created gaps can be separated by any distance along the width or 
the length of the specimen, so it was decided to test the worst case scenario. This case can be 
determined by manufacturing and testing specimens with two gaps at variety of separating 
distances along both width and length direction. This was found to be impractical and very material 
and time consuming. 
The FPDM was used to save time and material required to perform fatigue tests. Different 
models were developed containing two gaps with different separating distances along length and 
width to investigate the effect of the distance between gaps on fatigue life from which the critical 
case can be determined. The distance between the two created gaps was defined as (X, Y) which 
























directions. Figure 5-27 shows the number of cycles to failure at applied stress of 1900 MPa for 
unidirectional specimens containing two gaps with 25 different separating distances between the 
gaps’ centers along the width and length of specimens.   
 
Figure 5-27: Effect of separating distance between 2 gaps on fatigue life for 
unidirectional laminate at 1900 MPa. 
 
It can be observed that the critical situation, denoted by dashed circle in Figure 5-27,with 
the smallest fatigue life was found at (X,Y) = (3,6) which occurs when the two gaps are created as 
shown in the scheme of the gaps illustrated in Figure 5-27. As the distance between the centers of 
the gaps increases along the length and/or the width directions the fatigue life increases. This was 












































distance between centers of (3,6) and (10,6) as shown in the experimental results of investigating 
the effect of adding more gaps.  
Figure 5-28 shows the interlaminar shear stress distribution, responsible for the delamination 
occurrence in the defective specimen, for the case of laminate with two gaps at separating distances 
between centers (X,Y) of (3,6) and (10,6) mm. It can be observed that there is an increase in the 
maximum value of shear stress of about 12% for the case of two gaps of (3,6) separating distance 
compared to the case of (10,6) separating distance. So, it can be concluded that as the distance 
between the two gaps increases, their effect on each other decreases. This helps reducing the 
generated interlaminar shear stresses and eventually increases the fatigue life. This was confirmed 
from the experiments. 
 
  
Figure 5-28 Shear stress distribution for two gaps with separating distances of (a) (3,6) 
and (b) (10,6). 
 
Figure 5-29 shows the damage evolution from the 2 created gaps in a unidirectional laminate 
with a separating distance between centers of (X,Y) = (3,6). Delamination initiated at the two gaps 
at the same time and by increasing the number of cycles it propagated as a result of redistribution 
of stress from the failed to intact elements. At the ends of the fatigue life, fiber failure occurred at 










Figure 5-29: Damage evolution for unidirectional laminate with 2 gaps at separating 
distance of (3,6) 
Figure 5-30 and Figure 5-31 show the comparison between the predicted fatigue life from 
the FPDM and the experimental results of the fatigue tests for the cases of unidirectional laminates 
containing two in-plane gaps and two out-of-plane gaps, respectively. It can also be observed that 
the FPDM over predicts the fatigue life which might be attributed to the reasons mentioned 























 Figure 5-30: Comparison between the predicted FPDM and experimental results for 
unidirectional laminates with 2 in-plane gaps 
 
Figure 5-31: Comparison between the predicted FPDM and experimental results for 

















































A fatigue progressive damage model (FPDM) was developed using Ansys Parametric 
Design Language (APDL) to simulate the laminates containing gaps as a representation of induced 
defects during composite manufacturing using AFP. The model is an integration of stress analysis, 
failure analysis, fatigue life model, gradual and sudden degradation of mechanical properties.  
The predicted results from the FPDM were compared with results obtained from the 
performed fatigue experiments while considering different parameters such as gap orientation, gap 
shape and number of gaps. The damage mechanisms predicted from the FPDM for the case of 
unidirectional laminates agreed well with the observed ones from experiments. For the case of 
cross-ply and quasi-isotropic laminates, the model predicted the occurrence of different damage 
mechanisms except for the occurrence of the transverse cracks, which were observed in the 
experimentally tested specimens, propagating through 0o layers from delamination due to the gap 
to the interface of 0o/90o or 0o/45o layers. Using interface elements at the interface between layers 
might help in better simulation of damage mechanisms. 
Non-uniformity and variation of mechanical properties of composite material are the main 
reasons for the scattering of the results especially for the case of off-axis laminates as shown in 
Figure 5-17 and Figure 5-22. The effect of non-uniformity was incorporated in the model to 
address this problem. This was done by assigning random values of the material properties to the 
different elements in the model. The obtained results showed the large variation in the predicted 
fatigue life as a result of the variation in mechanical properties.  
To sum, in spite of the observed deviation in the predicted fatigue life from the experimental 
results, this model can be useful in the preliminary design steps to have an idea about the damage 
behavior and the performance of the designed part. For more accurate results, some further steps 










 Conclusions, contributions and 






According to the thesis work, presented in previous chapters, the following points are 
concluded: 
- Existence of the induced gaps during AFP manufacturing affects the fatigue performance 
of laminates with different stacking sequences. The reduction in the fatigue life due to gaps 
depends on the applied stress level. At high stresses, the reduction in fatigue life is high 
and it decreases by reducing the maximum stress in the fatigue cycles. 
-  The effect of induced gaps on fatigue life decreases till reaching a threshold stress below 
which there is no effect for the gaps on fatigue life. This value of stress can be defined as 




defective laminates. The threshold stress values for the laminates tested in the study were 
found to range between 55 – 70% of the tensile strength of the laminate. So, in order to 
avoid the effect of the gap during fatigue loading, the applied stress should be less than the 
threshold values. 
- The stress/life curves can be obtained by conducting long fatigue tests till final failure of 
the tested specimens. This method was found to be very material and time consuming. 
- In defective laminates with gaps in 0o layer, it was found that as a result of transferring the 
load from the defective 0o layer to the adjacent intact 0o layers, high interlaminar stresses 
generate at the interface. This facilitates the occurrence of delamination at the interface 
between the defective 0o layer and the surrounding layers.  
- For the case of cross-ply and quasi-isotropic laminates with gaps in 0o layer, in addition to 
the delamination at the interface of the defective layer and the adjacent layers, there are 
transverse cracks that propagate from the delamination to the closest interface of 0o/90o or 
0o/45o layers. The transverse propagation of these cracks through the intact 0o layers affects 
their integrity which eventually influences the performance of the laminate. 
- For cross-ply laminates with gaps in 0o layers, the existence of 90o layer at one layer away 
of the gap location helps blocking the transverse propagation of cracks which alleviates its 
effect in the cross-ply laminates. 
- For quasi-isotropic laminates with gaps in 0o layers, the existence of ±45o layers directly 
adjacent to the defective 0o layers helps in gradual transition of load and controls the 
occurrence of the delamination especially at the interface of intact 0o layers. 
- Fatigue testing of laminates with triangular gaps of different sizes revealed that the effect 
of changing the shape and the size of the gap was small compared to the effect of inducing 
the gap in the laminate. Consequently, the gaps in 0o layers have a severe effect on fatigue 
life regardless their shape or size. 
- For unidirectional laminates with multiple gaps, it was found that the additional reduction 
in the threshold stress due to adding more gaps in the same layer or in different layers was 




addition, it was concluded that increasing the staggering distance between the gaps in 
different layers helps improving the performance of the laminate. 
- Existence of gaps in 90o layers has no effect on the fatigue performance of the AFP 
laminates. However gaps in 45o layers have a less effect on fatigue life compared to those 
in 0o layers. 
- Infrared (IR) thermography was found to be a highly effective method for in-situ detection 
of non-uniformity in the laminates such as the existence of gaps generated during AFP 
manufacturing. As a result of damage occurrence within the laminate due to gaps, heat is 
generated at the location of damage. This heat is transferred through the thickness of the 
laminates causing a surface temperature increase which can be captured using IR 
thermography. 
- IR thermography and Risitano method were applied to the case of AFP laminate containing 
gaps for the purpose of rapid evaluation of the threshold stress value for the defective 
specimens. Thermal observations of gapped specimens with different stacking sequences 
showed a bilinear relation between the rate of the temperature increase during the first 1000 
cycles in fatigue life and the applied stress from which the threshold stress could be 
obtained. The obtained results showed good agreement with the results obtained from the 
conventional method. This has a great potential in saving time and material needed while 
using the traditional method. 
- A fatigue progressive damage model (FPDM) was developed and applied to the case of 
defective laminates containing gaps in order to predict the damage growth and final failure 
of laminates. The developed FPDM is helpful in saving material and time required for 







The main contributions of this study are: 
1- Investigating the effect of the induced gaps on the fatigue performance of the laminate 
manufactured by Automated Fiber Placement process. To the best of our knowledge, no 
work has been performed in this field. Many parameters were considered during the 
study such as the stacking sequence, gap shape, gap orientation and number of gaps. 
2- Based on understanding the performance of the defective laminates, a few design 
recommendations lines were proposed that can be helpful for design of laminates 
manufactured by AFP.  
3- Infrared thermography and Risitano method was applied to the case of laminates 
containing gaps to rapidly evaluate the fatigue threshold stress values. This is a novel 
application of this technique into the field of AFP laminates containing gaps that can 
help saving time and material. 
4- A FPDM was developed and applied to the case of laminates containing gaps. This is a 
new application of this type of models to the case of AFP laminates containing gaps that 
are representative to the induced defects during manufacturing. 
 Recommendations for future work 
According to this study, some future work can be recommended as follows: 
- Investigating the effect of gaps under different fatigue loading conditions such as 
compression-tension or compression-compression loading. 
- Investigating the fatigue performance of laminates with gaps that emerge parallel to fibers 
at the boundaries of tows which might happen as a result of inaccuracy of the AFP machine. 
-  Investigating the effect of gaps at the end of tows, normal to fibers, for the case of variable 
stiffness laminates subjected to fatigue loading. 
-  Investigate the effect of gaps on fatigue performance of AFP laminates cured without 




- Studying the effect of the changing the location of the gap across the width especially for 
the case of cross-ply and quasi-isotropic laminates to account for the interaction between 
the edge effect and the gap effect. 
- Investigating the applicability of using IR thermography techniques in both evaluating the 
threshold stress and damage detection with different material having less thermal 
conductivity such as glass fiber composites. 
- Fully fatigue characterizing the used material for better prediction of FPDM results. 
- Applying and validating the used FPDM for different loading conditions. 
- Using cohesive zone elements at the interfaces of the defective layers for better practical 
simulation of damage between interfaces.  
- Considering the viscoelastic behavior of the laminates under fatigue loading in the used 
FPDM. 
 Publications 
1- Y. M. Elsherbini and S. V. Hoa, "Experimental and numerical investigation of the effect 
of gaps on fatigue behavior of unidirectional carbon/epoxy automated fiber placement 
laminates," Journal of Composite Materials, 2017,vol. 51, pp. 759-772  
2- Y. M. Elsherbini and S. V. Hoa, "Fatigue threshold-stress determination in AFP 
laminates containing gaps using IR thermography," Composites Science and 
Technology, 2017, vol. 146, pp. 49-58. 
3- Y. ELsherbini and S. Hoa, "Fatigue Behavior of Unidirectional Carbon/Epoxy AFP 
Laminates Containing Gaps," in Proceedings of the American Society for Composites: 








 Messages to designer: 
1- The threshold of the material is determined using the traditional Wohler method or 
IR thermography. 
2- If the applied stresses were lower than the threshold values, then the existence of 
gaps can be neglected. 
3- If the applied stresses were higher than the threshold values, then putting ±45o layers 
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